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Abstract

ABSTRACT
Undoubtedly, there is a huge demand for renewable energy storage devices for
various everyday applications, from portable electronics to large-scale applications
such as electric vehicles and energy storage for electrical grids, made especially
urgent due to the depletion of fossil fuels. Currently, rechargeable lithium-ion battery
(LIB) technology is most prominently used in mobile or portable electronics, which
has raised a huge demand for expensive lithium, the reserves of which would not be
sufficient for a future huge share of electric vehicles and grid-scale energy storage,
thereby putting severe pressure on lithium production and its cost. Alongside LIB
technology, both academic and industrial researchers need to focus on exploring
various other types of energy storage devices (which can compete with LIB
technology) and their materials, considering important factors such as cost, safety,
and energy storage and delivery capabilities. These alternative energy storage
systems could make a considerable contribution to balancing future energy demands.
What could be the potential alternatives/partners to LIB technology to balance
energy demands? How can we design and engineer alternative materials for such
energy storage devices (including LIB technology)? This doctoral thesis work
summarizes research to address the aforementioned questions.
Considering the cost factor as one of the most important barriers for upgrading LIB
technology, in this doctoral work, I have explored a smart way of designing positive
electrode materials as alternatives to LiCoO2 and nickel-cobalt-manganese (NCM).
Due to the notable impact of Ni and Mn in NCM material on capacity values,
expensive and toxic Co could be replaced by the low-cost and environmentallyfriendly Fe element in the material. Since the LiMn1/3Ni1/3Fe1/3O2 composition was
prepared by another research group, there has been little further research in terms of
increasing its performance for commercial applications. I have successfully prepared
single phase layered structure Li-rich and Co-free Li1+xMO2 (M = Li, Mn, Ni, and Fe)
(LMNFO) materials with various particle and fiber morphologies by a simple, lowcost, and industrial-scale sol-gel based electrospinning synthesis method.
Interestingly, fiber morphology plays a key role in increasing the capacity (~109
mAh g-1) and suitability for high current operation of LMNFO due to increased
conductivity from well-guided transmission of charge carriers along the fiber, and
vi
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most importantly, the electrochemically active component delivers a discharge
capacity of ~139 mAh g-1, which is along the lines of LiCoO2 and NCM. Owing to
the interesting electrochemical properties of LMNFO, in-situ neutron diffraction
studies (at ANSTO, Australia) were performed on a customized fully functional
battery with LMNFO and mesophase carbon microbeads (MCMB) as the positive
and negative material, respectively, to evaluate the electrochemical mechanisms of
LMNFO during battery charging and discharging. This state-of-the-art study reveals
that the origin of the capacity in LMNFO is from Ni2+/Ni3+/Ni4+ transitions, and it is
structurally very stable during operation of the battery when compared to that of
LiCoO2.

Such

mechanistic

understanding

of

the

electrochemistry

and

crystallographic aspects of battery materials could be used in guiding the
optimization of the electrochemical performance of LMNFO in order to achieve
better LIBs with enhanced cycle life and high-current operation, and thus, LMNFO
could be a viable alternative to LiCoO2 in portable applications and possibly in
electric vehicles.
As mentioned earlier, there is serious concern about Li reserves for next-generation
applications, so it is necessary to consider battery technology alternatives to LIB
technology. Sodium-ion batteries (SIBs) are a direct substitute for LIBs, as both Li
and earth-abundant Na share common properties in terms of fundamental chemical
and electrochemical principles; and most importantly, SIB materials have lower rawmaterials costs than LIB materials (e.g., the cost of sodium carbonate is ~10% less
than that of Li salt) and offer savings of ~30% in terms of cost per kWh. Although
SIBs may not perform as well as LIBs, there are multiple reasons to further probe
SIBs on both the laboratory scale and the industrial scale. Computational studies on
the electrochemical properties of Na-based materials reveal that SIBs can be
competitive with LIBs. In this doctoral work, my research on SIB technology has
been focused on low-cost and safe positive electrode materials that could deliver
high capacity values, high energy density, and better life span. Over the past 10
years, many research groups have discovered positive electrode materials for SIBs
based on oxides, sulfides, fluorides, phosphates, and sulfates. Their further
development has been hampered, however, by their electrochemical performance.
For example, Na-based metal oxides with the formula NaMO2 (M = Co, Cr, V,
vii

Abstract

Ni0.5Mn0.5, and Ni1/3Co1/3Mn1/3) suffers from poor life span and poor high-current
operation, with limited capacity values of around 160 mAh g-1. To achieve ecofriendly and economical battery materials, research has been aimed at replacing toxic
and costly Cr and Co metals with safe and abundant metals such as Mn, Ni, and Fe.
Recently, a novel Na-based metal oxide material with a combination of Fe and Mn,
layered structure P2-type Nax(Fe1/2Mn1/2)O2 (NFMO) was reported with a capacity of
~190 mAh g-1 and estimated energy storage capacity of ~520 Wh kg-1 (comparable
with Faradion’s SIB). Unfortunately, its commercialization was impeded by poor
cycling performance and high-current operations. Since the energy storage capacity
of a battery mainly depends on the positive electrode material, and compelling
features of NFMO material make it attractive for SIB applications, one of the aims of
this doctoral research is to achieve an in-depth understanding of the interplay
between the electrochemistry and the structure of this material in order to overcome
its poor cycling performance and high-current operation. The crystal structureelectrochemistry relationship was investigated using a synchrotron X-ray diffraction
source (at the Australian Synchrotron) to pass X-rays through a fully functional
customized battery consisting of NFMO material. It was observed that there are
severe volume and structural changes, associated with the voltage window of 1.5 4.2 V. The associated changes could be responsible for the poor cycling
performance, and furthermore, the strategic voltage operation window of 2.0 - 4.0 V,
which could deliver ~25% better cycle performance, was successfully demonstrated.
This work successfully demonstrates the importance of understanding the structure electrochemistry relationships to further develop Na-based materials on the
commercial- scale, which can promote SIB applications in electric vehicles and
energy storage for electrical grids. On the other hand, the impact of nanostructure on
the electrochemical performance of SIBs was studied by the preparation of NFMO
hierarchical nanofibers via the low-cost and simple electrospinning technique, and
these hierarchical nanofibers (with diameter of ~170 nm) with aggregated
nanocrystallites along the fiber direction have been characterized structurally and
electrochemically. These hierarchical nanofibers showed enhanced cyclability at 0.1
C when compared to nanoparticles, with initial discharge capacity of ~195 mAh g-1.
The improved performance is attributed to well-guided charge transfer kinetics in
viii
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hierarchical stacking, a better-interconnected network among the fibers, and better
contact with electrolyte during cycling.
On the other hand, investigating the lithium and sodium storage properties of the
anode materials is crucial for developing the LIB and SIB technologies for future
applications. This doctoral work also focuses on layered structure molybdenum
disulfide (MoS2) as one of the potential anode materials for both LIBs and SIBs.
Furthermore, developing nano/microstructures which can effectively upgrade the
intriguing properties of electrode materials for energy storage devices is always a key
research topic. Ultrathin nanosheets were proved to be one of these potential
nanostructures due to their high specific surface area, good active contact areas, and
porous channels. In this doctoral work, a unique hierarchical micro-spherical
morphology of well-stacked and completely miscible MoS2 nanosheets and graphene
sheets was successfully synthesized via a simple and industrial- scale spray-drying
technique to combine the advantages of both MoS2 and graphene in terms of their
high practical capacity values and high electronic conductivity, respectively.
Computational studies were performed to understand the interfacial behavior of
MoS2 and graphene, which demonstrated the high stability of the composite with
high interfacial binding energy (-2.02 eV) among the components. Furthermore, the
lithium and sodium storage properties have been tested and reveal excellent cycling
stability over 250 and 500 cycles, respectively, with the highest initial capacity
values of 1300 mAh g-1 and 640 mAh g-1 at 0.1 A g-1.
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Chapter 1 Introduction

CHAPTER 1. INTRODUCTION
1.1. General Background
There is increasing worldwide concern about the impact on our global climate of
greenhouse gas emissions from fossil fuels and combustion engine based vehicles.
Various public and private sector organizations have led global awareness campaigns
on the significant benefits of reducing greenhouse gas emissions such as from carbon
dioxide, water vapor, methane, ozone, chlorofluorocarbons etc. Due to such adverse
concerns about fossil fuels, energy from solar energy plants and windmills is
becoming more and more significant. These are among the so-called renewable
energy resources, which are outstanding candidates for fulfilling power requirements
for present and future generations. Nevertheless, energy cannot be generated when
the sun doesn’t shine and the wind doesn’t blow. Alternatively, replacing combustion
engines with electric motors (which require a power supply via portable power
banks) can effectively reduce pollutant and greenhouse gas emissions into the
atmosphere. Hence, in both cases, it is necessary to have energy storage systems to
store the generated energy. This is where batteries play a key role in storing energy
for future needs when and where it is required for a broad range of applications from
portable devices to high-end applications such as electric vehicles (EVs) and
electrical energy storage grids (EESGs).
Among the different types of batteries, lithium-ion batteries (LIBs), introduced onto
the market by the Sony Corporation in 1991, represent a commercial breakthrough
for mobile devices, and hence, there has been an increasing demand for expensive
lithium, with worldwide consumption of 26,600 tons for the battery industry alone in
2013. For example, consider a pure electric vehicle; it contains nearly 8-40 kg
lithium with an expensive raw material cost of US$ 5000 per ton.[1] An ideal battery
system consists of positive and negative electrodes separated by a porous membrane,
with the charge carriers transferred through a liquid medium called the electrolyte.
As is well known, LiCoO2 is commercially available as a positive electrode material
in LIBs for various applications, alongside Li, Co is also an expensive and toxic
metal, which taken together, means a high cost for battery raw materials. Therefore,
strategic optimization is required for positive electrode materials that can act as
1
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alternatives to LiCoO2, which can not only deliver efficient energy storage and
delivery capacity, along with thermal stability, environmental friendliness, and low
cost but also have outstanding electrochemical performance in such aspects as cycle
life and fast charge ability. It’s noteworthy, however, that there is still room for
further strategic optimization of LiCoO2 for future smartphone applications with
good safety aspects. Extensive research by various groups has led to the discovery of
the new positive material LiNi1/3Co1/3Mn1/3O2 (NCM) as a potential alternative to
LiCoO2, although it suffers from poor cycle life, although an increased proportion of
Co in the material is needed for better cycle life and, in turn, decreases the
possibilities for high-current applications such as EVs and EESGs. Hence, there is a
trade-off between the cost of a material and its electrochemical performance.
On the other hand, as mentioned above, there are serious concerns about Li reserves
for next-generation applications, so one need to consider an effective alternative to
LIB technology. Sodium-ion batteries (SIBs) are a direct substitute for LIBs as both
Li and the earth abundant Na share common properties in terms of fundamental
electrochemical principles and chemical behaviour; and most importantly, SIB
materials have lower raw-materials costs than LIBs (e.g. US$ 5000/ton for lithium
vs. US$ 150/ton for sodium) and offer savings of ~30% in terms of cost per kWh.
Although SIBs may not perform as well as LIBs, there are multiple reasons to further
investigate SIBs on both the laboratory and the industrial scale. Computational
studies on the electrochemical properties of Na-based materials reveal that SIBs can
be competitive with LIBs. [2] Recently, battery companies such as UK’s Faradion
and USA’s Aquion Energy successfully introduced the world’s first e-bike and
electrical storage grids, respectively, those was based on SIB technology and have
expanded their application to EVs and EESGs. Faradion’s e-bike is a proof-ofconcept, which consists of SIBs that are delivering an energy storage capacity of
>140 Wh kg-1 and moreover, Faradion’s SIB technology reports the highest specific
energy of 500 Wh.kg-1 (which is comparable to the LIB materials LiFePO4, 530 Wh
kg-1 and LiMn2O4, 450 Wh kg-1) with a capacity of ~ 165 mAh g-1.[3] Aquion’s
electrical energy storage modules that are composed of SIBs can deliver energy
efficiency of 85% and cycle life with of 5,000 full cycles, which are close to the
performance of LIBs (currently delivers 7,000 cycles), and most importantly, these
2
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SIBs have energy costs $250 per kWh (very much less than the $500 per kWh for
present technologies) [6]. In both cases, however, there is much room for further
optimization of SIB technology to compete with LIB technology in terms of energy
density, energy delivery capability, and life-span. Hence, there could be real
opportunities to explore novel electrode materials for SIB technology.

1.2. Motivation of the Research
Considering the various factors/challenges mentioned above and that there are still
further chances to optimize both LIB and SIB technologies for future small-scale and
large-scale practical applications, in the recent past, research and development in the
fields of LIBs and SIBs have been focussed on the various aspects mentioned below:
(1) Synthesis of new electrode materials to replace traditional materials and
characterization of their physio-chemical properties, crystallography, and
electrochemical performance using various theoretical and experimental
techniques.
(2) The rediscovery of existing electrode materials via novel synthesis methods
with low-cost and safe raw materials.
(3) Using materials modification concepts, such as nano-engineering, doping of
materials with foreign elements, surface coating, ball milling and reassembly, and making composites with other electroactive materials, to
improve the electrochemical and physical properties of the present materials.
(4) Changing constituent materials in the electrode fabrication process such as
through the use of new binders (carboxymethyl cellulose (CMC), styrenebutadiene rubber (SBR), alginate. etc.), alternatives to carbon black, and
patterned current collectors. Also, new electrolyte additives have been
explored such as vinylene carbonate (VC), biphenyl, fluoroethylene
carbonate (FEC), etc.
(5) Configuration of cell assembly techniques as per the requirements of the
application, such as mobile, flexible, and transparent electronics and largescale grids.
(6) Developing hybrid electronic devices based on batteries, for example,
integrating perovskite solar cells with LIBs.
3
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1.3. Thesis Plan
In the present doctoral work, the main objective of the research is to develop high
performing LIBs and SIBs, by employing novel nano-/micro-engineered electrode
materials, which are low-cost, safe and allow easy mass production. This work also
includes the in-depth investigation of the crystal structures and electrochemical
property relationships of these electrode materials in fully functional batteries, using
state-of-the-art in-situ neutron powder diffraction and in-situ synchrotron X-ray
radiation. The specific aims of the present doctoral work are summarized below:
(1) Investigating and preparing Li-rich, Co-free layered cathode materials as
alternatives for LIBs and Na-based Co-free layered cathode materials for
SIBs; and molybdenum disulfide based composite materials as a potential
anode for LIBs and SIBs.
(2) Engineering of these prepared electrode materials into various nanostructured
morphologies using simple, low-cost, and industrial-scale methods, such as
wet chemical routes, electrospinning, etc.
(3) Physical characterization of these materials using techniques such as X-ray
diffraction (XRD), field-emission scanning electron microscopy (FESEM),
transmission electron microscopy (TEM), neutron powder diffraction (NPD),
synchrotron X-ray diffraction (SXRD), etc.
(4) Electrochemical performance test of the materials using a battery cycler for
galvanostatic charge-discharge tests, cyclic voltammetry, and electrochemical
impedance spectroscopy (EIS).
The content in each chapter of this thesis is briefly outlined below:
Chapter 1 introduces the general background of energy storage devices, the origins
and current status of LIBs and SIBs in terms of electrochemical performance and
commercialisation, the motivation of the current research, and objectives of the
present doctoral work.
Chapter 2 presents a detailed literature review on LIBs and SIBs, including a brief
history of the battery, principles of battery operation, an overview of battery
components (cathode, an anode, and electrolyte), and an extensive review of
conventional and electrospinning-based layered cathode materials.
4
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Chapter 3 presents the chemicals, materials, experimental plan, and synthesis
methods used to prepare nano-/micro- structured materials and their characterization
tools such as XRD, NPD, SXRD, X-ray photoelectron spectroscopy (XPS), focused
ion beam (FIB) spectroscopy, SEM, FESEM, TEM, selected area electron diffraction
(SAED), energy dispersive X-ray spectroscopy (EDS), etc., and electrochemical
measurements, including cyclic voltammetry, galvanostatic charge-discharge testing,
and EIS.
Chapter 4 investigates as-prepared single phase Li1+x(Ni1/3Mn1/3Fe1/3)O2 material
with particle and fiber morphologies that were synthesized by a facile, economical,
and scalable sol-gel-based electrospinning method. The electrochemical performance
of this material was tested as a cathode in LIBs and SIBs.
Chapter 5 presents an in-depth investigation of the crystal structure and
electrochemistry of single phase Li-rich and Co-free Li1+xMO2 (M = Li, Mn, Ni, and
Fe) cathode material in a fully functional customized lithium-ion full-cell via in-situ
neutron diffraction. The pouch-type full-cell was charged and discharged at a low
current rate, with simultaneous collection of neutron diffraction patterns at regular
intervals of time. Hence, new insights into the relationships between the structure of
the cathode material and its electrochemistry in the cell were successfully
established.
Chapter 6 demonstrates nano-engineering of high capacity Mn-doped P2-type
NaxFeO2 cathode material for SIBs in particles and fiber morphologies by a facile,
economical, and scalable sol-gel based electrospinning synthesis method. The
electrochemical performance was improved in the fiber morphology when compared
to that for the particle morphology.
Chapter 7 presents a detailed account of the phase evolution during sodiation and desodiation of Nax(Fe1/2Mn1/2)O2 cathode material in SIBs, based on in-situ synchrotron
powder diffraction. A specially designed coin-type cell was charged and discharged
at a low current rate, with simultaneous collection of synchrotron diffraction patterns
at regular intervals of time. Hence, new insights into the relationship between the
structure of the cathode material and its electrochemistry in the cell were
successfully established.
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Chapter 8 presents preparation of molybdenum disulfide - graphene composite
hierarchical microspheres by simple and industrial scale spray-drying technique. The
electrochemical performance was evaluated as anode material in both LIBs and SIBs
and revealed excellent cycling performance and high capacity values.
Chapter 9 provides the conclusions of the doctoral work and future prospects, with
critical opinions in the research field of LIBs and SIBs.

1.4. References
[1] T.G. Goonan, 2012, Lithium use in batteries: U.S. Geological Survey Circular
1371, 14 p. Available on line: http://pubs.usgs.gov/circ/1371/ (accessed May
2016).
[2] D. Kundu, E. Talaie, V. Duffort, and L.F. Nazar, Angewandte Chemie
International Edition 2015, 54(11), 3431 - 3448.
[3] Faradion’s Sodium-ion Technology. Available online:
http://www.faradion.co.uk/technology/sodium-ion-technology/ (accessed May
2016).
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CHAPTER 2. LITERATURE REVIEW
2.1. Lithium-ion Batteries
Over the past two decades, there has been a huge demand for renewable energy
conversion and storage attracting global scientific and industrial communities to
engage in further research. Among the various battery systems, lithium-ion batteries
(LIBs), commercialized by Sony Corporation in 1991, have been proved to be one of
the most promising candidates in commercial portable applications such as mobile
phones, laptop computers, power tools etc. [1, 2] LIBs have various merits when
compared to other conventional battery systems such as nickel-cadmium, nickel
metal hydride, lead-acid, sodium metal chloride, and sodium-sulphur batteries, as
shown in Figure 2.1. [3] For instance, the specific energy and specific power of LIBs
are four and two times higher, respectively when compared to the nickel-cadmium
batteries. Similarly, LIBs have three times the higher specific energy and are more
eco-friendly when compared to lead-acid batteries. Further, LIBs show a 50% longer
cycle life, with no memory effect for recharging and low self-discharge capability.
This improved performance and specific energy with an average voltage of 3.6 V for
LIBs were mainly attributed to the low density (0.534 g cm-3), small ionic radius
(0.076 nm), and low redox potential of lithium when compared to other elements.
These features of LIBs were quite appealing for commercial portable applications.
[3, 4]

Figure 2.1. Comparison of the specific energy and power densities of various
rechargeable batteries. [3]
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In the 1780s, Luigi Galvani successfully discovered ‘animal electricity’, and in 1800,
Alessandro Volta was the first to develop an electrochemical cell. An
electrochemical cell is a ‘galvanic cell’ or ‘voltaic cell’ that consists of two different
metals such as copper and zinc; that are separated by an acidic electrolyte solution.
Thus, an electric current is generated. A few decades later, Michael Faraday was
responsible for some major progress on the principles of electrochemistry, which led
to the invention of the first rechargeable lead-acid battery with an aqueous-based
liquid electrolyte by Gaston Plante in 1859. Thereafter, various other kinds of
rechargeable batteries were invented, such as nickel-cadmium, nickel-iron, and
nickel-metal hydride, and the non-aqueous electrolyte-based lithium-ion battery.
These inventions led to a revolution in rechargeable batteries and are summarized in
Figure 2.2 along with future possible variations in the battery design. [5]

Figure 2.2. Illustration of past and future possible battery designs. [5]
Primary non-rechargeable lithium cells were first developed in the 1970s, which
have the high capacity with variable discharge rates. Such cells are still in use today
in various applications such as wrist-watches, biomedical implants and devices, and
basic calculators. As the interest in alkali-metal based electrochemistry increased,
many inorganic materials were shown to reversibly react with alkali metals. Such
inorganic materials were classified as intercalation compounds, and the
8
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electrochemistry and potential specifications were well researched and published in
1972. [5] Later in the same year, the Exxon Company launched a huge project on
lithium batteries consisting of TiS2-Li metal electrodes and LiClO4 in dioxalane as
the electrolyte. [6] This system is not appealing for practical applications, however,
as there is dendrite growth during recharging, which results in possible explosions.
On the other hand, researchers from Bell Laboratories successfully demonstrated that
oxide-based intercalation materials show higher capacities and voltages when
compared to the chalcogenides. Successively in 1980, a new class of LixMO2 (M =
Co, Ni, and Mn) compounds were suggested by Goodenough’s group and are still
conventional materials in current LIBs.[7] As the use of lithium metal is limited
because of safety issues, this led to tremendous research into alternative anode
materials, which were successfully demonstrated on the laboratory scale.[8, 9]
Hence, putting together the new classes of cathode and anode materials led to the
present generation of batteries, i.e., lithium-ion or ‘rocking-chair’ batteries. The
optimization and development of LIBs for commercial applications took another
decade, however, and in 1991, the Sony Corporation successfully commercialized
the graphite - LiCoO2 cell.

2.1.1. Principles of Operation and Basic Concepts
The LIB in its ideal system consists of graphite as an anode, lithium-metal-oxide
based cathode, which are separated by an electrolyte solution composed of a lithium
salt in mixed organic solvents. The anode and cathode materials are coated on
copper/nickel and aluminum current collectors, respectively. A porous separator
membrane is present in the electrolyte, which protects the two electrodes from shortcircuiting. [10] Figure 2.3 contains a schematic representation of the LIB system.
[11] These LIB batteries can be found in various shapes depending on their
applications (Figure 2.4). [1] The main electrochemical reactions include reversible
Li-ion insertion and extraction cycles between the two electrodes. Briefly, when the
battery is in charge with an external power supply, which introduces electrons into
the anode, the lithium ions in the cathode pass through the electrolyte and are stored
in the anode. During this process, electrical energy is stored in the form of chemical
energy in the battery. When the battery is in the discharge mode, the lithium ions deintercalate from the anode, and pass through the electrolyte to the cathode, allowing a
9
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flow of electrons to the external load. The electrochemical reaction mechanism in a
traditional graphite-LiCoO2 cell is shown below:
LiCoO2 ↔ Li1-xCoO2 + xLi+ + xe-

(2.1)

C + xLi+ + xe- ↔ LixC

(2.2)

The basic fundamentals, definitions, and theories associated with LIBs are outlined
below:
Open circuit voltage (Voc) is the voltage measured across the terminals of the cell
without external current flow. This is usually determined by the difference in
electrochemical potential between the anode and the cathode.
Voc = (μA - μC) / (-nF)

(2.3)

where μA and μC are the electrochemical potentials of the anode and cathode,
respectively; n is the numbers of electrons involved; F is the Faraday constant
(96485 C/mol).
Operating voltage of the cell can be described as:
V = Voc – IR

(2.4)

where I is the working current; R is the internal resistance of the cell.
Capacity (Q) is the total amount of charge for the redox reaction during
charge/discharge of the cell.
𝑡2

Q = ∫𝑡1 𝐼(𝑡)𝑑𝑡 = 𝑛𝑧𝐹

(2.5)

where I(t) is the current; t is the time; n is the number of moles of ions; z is the
valence of the ions; F is the Faraday constant.
Specific capacity (Qs) can be ascribed in terms of gravimetric specific capacity
(ampere-hours per kilogram; Ah/kg) or volumetric specific capacity (ampere-hours
per liter; Ah/L). The specific capacity is derived based on the capacity per unit
weight of the active material, or capacity per unit volume of the active material.
Irreversible capacity is the capacity loss during one charge and discharge cycle. It is
the difference in capacity between charge and discharge at the nth cycle.
Coulombic efficiency (ηe) is the ratio of the charge capacity to the discharge capacity
at the nth cycle. This is a measure of the cycling stability of the cell.
Energy density can be evaluated in both gravimetric (watt-hours per kilogram,
Wh/kg), and volumetric (watt hours per liter, Wh/L) terms. Energy density is used to
compare the energy content between cells.
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Chapter 2 Literature Review

Power density can be evaluated in both gravimetric (watts per kilogram, W/kg) and
volumetric (watts per liter, W/L) terms.
Charge/discharge rate (C-rate) is employed to estimate how fast lithium can be
transferred. C is either the theoretical capacity or the nominal capacity of the cell.

Figure 2.3. Schematic representation of lithium-ion battery. [11]

Figure 2.4. Different shapes of batteries as per requirements (a) cylinder, (b)
prismatic, (c) coin, and (d) thin and flat types. [1]

2.1.2. Conventional Electrode Materials
2.1.2.1. Cathode Materials
Cathode materials for LIBs have been considered as a very important aspect of the
advanced development of LIB technology for portable electronics and high-end
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applications such as renewable energy units, electric vehicles (EV), hybrid electric
vehicles (HEV), etc. There are various ranges of materials considered as a cathode
for LIBs. Ideally, the cathode material shouldn’t exhibit any structural variation
during charge-discharge cycling. There have been numerous review papers from
various research groups [12-14] which focus on the merits and demerits of individual
cathode materials, and various guidelines have been established as follows for
choosing ideal cathode materials [15]: (a) high free energy of the reaction with
lithium, (b) high amount of lithium-ion insertion, (c) attractive power density and
energy density, (d) only slight structural variation from electrochemical reactions, (e)
fast diffusion of lithium ions into the host lattice structure, (f) high electronic
conductivity, (g) no side reactions with electrolyte, and most importantly, (h) lowcost, safety, and ease of production.
Based on their crystal structure, all these cathode materials have been divided into
various types, such as layered, spinel, and olivine structured oxides. [16] The
following section briefly explains the various classes of cathode materials.
Layered Structure Oxides
LiCoO2 is a commercially available and widely used cathode material in LIBs with
the α-NaFeO2 structure, which has been extensively researched owing to its better
cycling performance, high energy density, and ease of production compared with
alternative materials. [17] LiCoO2 can be described as having a distorted rock-salt
super-structure, as shown in Figure 2.5. In a cubic close-packed oxygen array, the Li
and Co atoms occupy the octahedral interstitial sites, and thus, CoO2 layers are
formed with edge-sharing octahedral (CoO6). Lithium atoms are located between the
CoO2 layers and reside in the octahedral coordination (LiO6), which results in
alternating (111) planes of the cubic rock salt structure. The layered structure
provides two-dimensional paths, allowing for lithium ion intercalation and deintercalation. Nevertheless, LiCoO2 at the current stage is limited for high-end
practical applications such as for EVs and HEVs due to its limited practical specific
capacity of ~140 mAh g-1 (vs. theoretical capacity of 273 mAh g-1), expensive rawmaterial costs, toxicity, and safety problems. [18]
In 1991, Dahn and co-workers reported low-cost and less toxic, isostructural LiNiO2
with a higher reversible capacity of ~200 mAh g-1, which was considered as a
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Chapter 2 Literature Review

potential substitute to commercially available LiCoO2. [19] There has hardly been
any further research on LiNiO2, however, because of safety concerns associated with
the evolution of oxygen during the electrochemical process. On the other hand,
considering its low-cost and eco-friendliness, layered LiMnO2 was reported and has
been considered as a potential cathode material. [20] This layered LiMnO2 is very
unstable under high temperature operating conditions, however, and almost is
impossible to synthesize through the basic and simple solid-state method. There were
various reports of synthesis of LiMnO2 via an ion exchange process replacing lithium
ions with their thermodynamically stable sodium counterparts, i.e. NaMnO2 during
charge and discharge cycles, resulting in layered structure Li0.5MnO2, which is
unstable and possibly converted to spinel phase LiMn2O4, which is a
thermodynamically stable phase. [21] These intermediate phase /structural variations
result in diminished electrochemical properties and voltage decay. Similarly, lithium
ferrite, LiFeO2, was widely researched as a possible alternative cathode material to
LiCoO2, as it was considered low-cost and safe. Low electronic conductivity,
however, resulting in poor cycling stability and low operating voltage, limited its
further development as an alternative to LiCoO2. [22, 23] Considering the various
advantages and disadvantages of layered structure LiMO2 (M = Ni, Mn, and Fe),
strategic optimization is required for positive electrode materials to be suitable as
alternatives to LiCoO2, which can not only deliver efficient energy storage and
capacity, along with thermal stability, environmental-friendliness and affordability,
but also outstanding electrochemical performance, in such aspects as cycle life and
fast charging ability. Extensive research by various groups has led to the discovery of
the new cathode material LiNi1/3Co1/3Mn1/3O2 (NCM) as a potential alternative to
LiCoO2, in which has appealing electrochemical properties and structural stability
with the α-NaFeO2-type structure, although it suffers from poor cycle life, and an
increased proportion of Co in the material is needed for better cycle life, which
decreases its potential for high-current applications such as EVs and EESGs. Hence,
there is a trade-off between the cost of material and their electrochemical
performance.
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Figure 2.5. Crystal structure of layered LiCoO2 (space group:𝑅3𝑚) with lithium ions
located horizontally between CoO2 octahedra. [17]
Spinel Structured Oxides
Spinel structured LiMn2O4 is one of the most researched cathode materials
alternatives to LiCoO2. There are various advantages of spinel LiMn2O4 when
compared to layered structures such as LiCoO2 and NCM materials, and are outlined
as follows: (1) economical with abundant raw materials and eco-friendly, (2) high
discharge potential (4.1 V vs. Li/Li+), and (3) higher overcharge thermal stability and
reduced exothermic reactions. [24-26] However, there are various limitations
associated with electrochemical performance such as low reversible capacity (vs.
theoretical capacity 148 mAh g-1), low power density and poor cycling performance
especially at high temperatures and high charge cut-off voltages. [27-29]
LiMn2O4 has a cubic spinel structure (see Figure 2.6) with a cubic close-packed
oxygen array with oxygen anions on the crystallographic 32e sites of the Fd-3m
space group.[30] The manganese cations reside in half of the octahedral interstitial
sites (16d), and the lithium cations are located at one eighth of the tetrahedral sites
(8a). The interstitial spaces in the Mn2O4 framework are relative to a diamond-type
network of tetrahedral 8a and surrounding octahedral 16d sites, so that these vacant
tetrahedral and octahedral sites are interconnected with each other by common faces
and edges to form the lithium-ions’ three-dimensional (3D) diffusion pathways. The
3D framework structure of LiMn2O4 possesses several advantages when compared to
two-dimensional (2D) layered structure cathode materials, such as avoiding the coinsertion of possible solvent molecules from decomposition of electrolyte, reduced
level of volume expansion of the framework structure during lithium-ion
intercalation and de-intercalation processes, and making it possible candidates for
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large-scale battery applications owing to the larger size of the 3D lithium-ion
channels to sufficiently accommodate the ions. [31-33]

Figure 2.6. Crystal structure of spinel LiMn2O4 with space group Fd-3m. [30]
As mentioned earlier the poor cycle performance and quick capacity fading, various
reports have proposed several mechanisms for capacity fading such as Jahn-Teller
distortion of most unstable Mn3+ ions, Mn dissolution into electrolyte, crystal
structure variations, the possible micro-strains associated with lattice mismatch
between two distinct cubic phases during electrochemical charging and discharging,
and enhanced evolution of oxygen during cycling process. [34, 35] The most
commonly accepted reason for poor electrochemical properties of LiMn2O4 is due to
Mn dissolution phenomena and is represented as follows in disproportion reaction
(2Mn3+(solid) →Mn4+ (solid) + Mn2+ (solid)) and is further confirmed by the
computational studies. [36, 37]
Researchers have employed various ways to improve the columbic efficiency of
spinel LiMn2O4 via nano-engineering and the surface engineering of the LiMn2O4
cathode material. Nano-engineering of LiMn2O4 includes preparation of the same in
various nanostructures such as nanowires, nanorods, meso/microporous structures,
and nanofibers etc. whereas; surface modification of LiMn2O4 was explored by
coating of LiMn2O4 with conductive materials such as carbonaceous materials,
oxides/phosphates, and electroactive polymers etc. [38-45] Simultaneously, doping
aspects of spinel LiMn2O4 with various dopant elements such as Cu, Mg, Ni, Cr, Co,
and Fe, has been extensively studied to enhance the structural stability and electronic
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conductivity of LiMn2O4 during cycling process. [46-50] For instance, doping of
LiMn2O4 with Fe showed hardly electrochemical improvements, whereas, Co doping
in the optimized proportion of LiCoxMn2-xO4 reported enhanced capacity values and
cyclic stability and is considered to be 5 V class cathode materials. [51, 52]
Similarly, Ni was doped into LiMn2O4 and making it a high voltage cathode material
LiNi0.5Mn1.5O4, with a high-voltage plateau (~4.7 V vs. Li/Li+) corresponding to the
two-phase electrochemical process. [53-55] With the similar theoretical capacity
(~147 mAh g-1) as that of LiMn2O4, LiNi0.5Mn1.5O4 shows various advantages such
as improved operating voltage and enhanced energy density (30 % greater than
LiMn2O4). Taking the advantages of LiNi0.5Mn1.5O4 and LiMn2O4, Ohzuku and coworkers designed and demonstrated a new class of 12 V batteries constituting of
spinel LiNi0.5Mn1.5O4 and LiMn2O4 as cathode materials and spinel Li4Ti5O12 as an
anode. [56] Such a high operating voltage batteries are potential candidates for largescale applications such as EVs and EESGs.
Olivines
Along with layered and spinel structured oxides, olivines are considered to be
competitive candidates for future LIB applications. In 1997, with the discovery of a
series of olivine structured compounds such as LiFePO4, LiMnPO4, LiNiPO4 etc.,
olivine LiFePO4 revolutionized the research on cathode materials and attracted the
attention of the global scientific community because of its intriguing properties such
as practical reversible capacity of ~153 mAh g-1, which is almost 90 % of the
theoretical capacity of 170 mAh g-1, with a constant voltage of ~3.4 V. [57-59] In
addition to improved capacity values, LiFePO4 is low-cost, safe, abundant, and ecofriendly, although it suffers from low electronic conductivity, and hence, careful
engineering of this electrode material with a carbon matrix is essential for its use in
LIBs.
The olivine structure of LiFePO4 is as shown in Figure 2.7. [60] Olivine LiFePO4
consists of corner-sharing FeO6 octahedra and PO4-3 tetrahedral anions, with lithium
cations located in the octahedral holes. Unlike layered and spinel structures, the
cation arrangement in LiFePO4 is completely dissimilar. The olivine structure has no
continuous network of FeO6 edge-sharing octahedra resulting in the occupation of
corner-sharing octahedral by Fe2+ ions. Such structures are responsible for impeding
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the electronic conductivity. [61] Moreover, the phosphorus and lithium ions occupy
the tetrahedral sites and chains of edge-sharing octahedra, respectively. [62]

Figure 2.7. Crystal structure of olivine LiFePO4 along the [010] direction. [60]
To enhance the electronic conductivity of LiFePO4, there have been a number of
general research directions such as doping with metallic ions and coating with
nanoscale carbonaceous materials. Various groups reported the successful
preparation of single-phase doped Li1-xMxFePO4 (M = Al, Nb, Ti, Mg, W, etc) by the
solid-state reaction method. [63-67] This atomic level doping of foreign metallic ions
into LiFePO4 increased its electronic conductivity to nearly 108 S cm-1. On the other
hand, LiFePO4 coated with carbonaceous materials, such as nano-sized carbon,
graphene wrapping, carbon aerogel etc., showed improved rate and cycling
performances. [68, 69] Considering the combined advantages of one-dimensional
nanostructures and carbon materials, monodisperse nanofibers of LiFePO4 cathode
materials were prepared and mixed with conductive carbon, and this resulted in
achieving capacity equivalent to the theoretical capacity at 3 C, with capacity
retention of 36 % of the theoretical capacity at the very high current rate of 65 C.
[70] Therefore, the combined effects of the nanoscale carbon coating and the doping
aspects make LiFePO4 cathode materials competitive for electric vehicles, due to
their high energy and power densities.
In a similar class, olivine structured LiMnPO4 was prepared, which is isostructural
with LiFePO4 and has a similar theoretical capacity of ~171 mAh g-1, with a higher
voltage plateau (~ 4.1 V vs. Li/Li+) offering high energy density. [71] To date, the
use of olivine LiMnPO4 has been limited in practical applications due to various
disadvantages such as low electronic conductivity and structural degradation
17

Chapter 2 Literature Review

associated with oxidation, resulting in MnPO4, which hinders lithium-ion
intercalation and de-intercalation. This is ascribed to the low capacity values and
poor cycling performance. Various attempts have been made to improve the
electrochemical performance of LiMnPO4, however, using a synthesis of nano-sized
powder, doping, and coating with carbonaceous materials. [72-74]
Vanadates
The class of vanadium oxides has been researched for many years as cathode
materials because of their lithium storage properties. [75, 76] There are various types
of vanadium oxide structures, due to variation in the V-O bond lengths and resulting
in distortion in the VO6 octahedra of the layered structures. Among the various
vanadates, vanadium pentoxide (V2O5) has been extensively studied due to its high
theoretical capacity (510 mAh g-1). Nevertheless, low electronic conductivity and a
low lithium diffusion rate have been reported for V2O5 powdered materials as a
cathode. [77] One of the approaches to overcome these problems is to fabricate high
surface area one-dimensional (1D) V2O5 nanostructures by the electrospinning
process. For instance, Ban et al. [78] prepared V2O5 electrospun nanostructures
which showed electrochemical cell capacity of about 360 mAh g-1 in the first cycle,
declining to 240 mAh g-1 at the end of 25 cycles, which can be due to dissociation of
the active material in the electrolyte. Thus, 100% cell efficiency is achieved by
adding a small amount of LiBOB to the electrolyte (5% LiBOB) because it forms a
protective layer at electrode/electrolyte interface. Later, Wang et al. [79] reported
different electrospun 1D nanostructures of V2O5 that were synthesized at various
annealing temperatures of 400, 500 and 600 ◦C, resulting in porous V2O5 nanotubes,
hierarchical V2O5 nanofibers, and single-crystalline V2O5 nanorods, respectively, as
shown in Figure 2.8. Further, the mechanical stability of such nanostructures can be
improved by forming octahedral units during incorporation of transition metal ions
such as Al3+ and Ag+ into the V2O5 lattice. [80] With an optimized amount of Al
incorporation into V2O5 nanofibrous electrodes reported an initial discharge capacity
of 350 mAh g-1 was reported, with capacity retention of 85% after 20 cycles. [81]
This improved performance can be due to more space between VO5 lattice layers and
results in a good intercalation process and high conductivity. Likewise, silver
vanadium oxide is one of the alternative potential candidate cathode materials, with a
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high theoretical capacity of 315 mAh g-1 and excellent electrical conductivity. Its
application is limited, however, because of capacity fading due to an irreversible
reaction involving Ag+. This cycling stability problem can be overcome by
fabrication of novel 1D nanostructures of this material. Wu et al. [82] reported βAg0.33V2O5 electrospun nanorods, which can achieve a cell capacity of 250 mAh g-1
and high capacity reversibility of 180 mAh g-1 after 30 cycles. The capacity
reversibility value becomes further stabilized after the 20th cycle, with a loss of only
1 mAh g-1 per cycle before the 30th cycle, which is a quite notable point in terms of
its cycling stability. Gu et al. [83] fabricated a 1D array of Li1+αV3O8 nanosheets by a
sol-gel assisted electrospinning process. Considering the promising electrochemical
results for V2O5 electrospun nanostructures, Cheah et al. [84] performed full-cell
assembly studies with V2O5 nanofiber cathode and commercial spinel Li4Ti5O12
anode, delivering a discharge capacity of ~119 mAh g-1 at a current density of 20 mA
g-1 with operating voltage of ~1.8 V.

Figure 2.8. Synthesis procedure for porous V2O5 nanotubes, hierarchical V2O5
nanofibers, and single-crystalline V2O5 nanorods by electrospinning. [79]

2.1.2.2. Anode Materials
The choice of anode material for LIBs greatly influences the charge-discharge rate
capability, cyclability, and amount of lithium storage capacity. To face the
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challenges for present-generation batteries, extensive research is required in the area
of anode materials. Some features of the ideal anode are as follows: must
accommodate a large amount of Li ions per formula unit, potential as great as for Li
metal, insoluble in electrolyte solvents, stable and generates high capacity,
economical, and eco-friendly. [85] Along with the choice of material, the
morphology, and the structure also, play key roles in the performance of the battery.
Carbonaceous Materials
Carbonaceous materials such as carbon allotropes, including graphite, are potential
candidates for use as anode material in the LIB due to their high cell efficiency, lowcost, and eco-friendliness. Among them, graphite shows excellent performance
because of its abundance and its promising reversibility, with high coulombic
efficiency and a theoretical specific capacity of 372 mAh g-1. [86] For LIBs to be
suitable for electric vehicles (EVs) and hybrid electric vehicles (HEVs), the
efficiency of graphitic carbon anode materials needs to be improved in terms of cell
lifetime, and cell operating voltage and specific capacity. One of the best approaches
to improving the performance of a battery is by designing nanostructured anode
material. For instance, Liu et al. [87] reported that carbon nanofibers can
accommodate more lithium than is possible with the usual intercalation mechanism
in graphite because of their turbo-static storage mechanism. Another report on
carbon nanofibers (CNF) prepared by low-cost electrospinning of polyacrylonitrile
(PAN) showed superior electrochemical performance with an initial discharge
capacity of 826 mAh g-1 at a current density of 200 mA g-1. At the end of the 200th
cycle, the Li/CNF cell showed a discharge capacity of 826 mAh g-1. [88]
Furthermore, the Coulombic efficiency is almost 100%, except for the first few
cycles, which indicates that easily reversible storage of lithium can be achieved in
CNF rather than by the intercalation mechanism in graphitic anodes. Improvement of
reversible capacity with cycling stability is the key challenge for CNF. Incorporation
of electroactive metal in the carbon material can facilitate the formation of many
conducting pathways, speed up the charge-discharge mechanism, improve the
cycling stability, and stabilize the SEI film formation during charge-discharge
cycling. [89] Electrospun carbon nanofibers with a homogeneous dispersion of Ni
were processed from polyacrylonitrile (PAN)/dimethylformamide (DMF) with a
20

Chapter 2 Literature Review

nickel nitrate solution. [90] These composite fibers showed a high initial specific
discharge capacity and reversible capacity of 1698 and 643 mAh g-1, respectively, at
a current density of 135 mA g-1. Interestingly, after 50 cycles, a high reversible
capacity (457 mAh g-1) was still recorded. This good cycling stability and improved
performance can be attributed to the combined advantages of fiber morphology and
the conducting Ni network. In the significant research on carbonaceous anode
materials, hybrid carbon nanomaterials and graphene composites have proven to be
potential alternatives for anode applications because of their structural integrity and
ability to create numerous free sites for lithium storage and hence improve battery
performance. [91, 92] Chen et al. fabricated an electrospun composite material
consisting of amorphous carbon nanotubes decorated with hollow graphitic carbon
nanospheres. [93] This composite material showed excellent electrochemical
performance with a high reversible specific capacity of 969 mAh g-1 at a current
density of 0.05 A g-1, as shown in Figure 2.9a-d. Furthermore, it maintained a
reversible capacity of 965 mAh g-1 after 100 cycles. This improved stability and
electrochemical performance could be attributed to additional free sites for Li-ion
storage in the unique structure of the composite material, with defects in walls and
hollow structures with nanopores and nanospheres uniformly dispersed on the fiber
structure. Recently, nitrogen doped hierarchical carbon was prepared using a hard
templating based pyrolysis method, and it acted as a potential multifunctional
electrode material as an anode and cathode host in lithium-ion and lithium-sulfur
batteries, respectively. [94]
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Figure 2.9. (a) Schematic illustration of synthesis mechanism, (b) transmission
electron microscopy (TEM) image of composite nanotube, (c) charge-discharge
profiles for selected cycles of the composite nanotubes at a current density of 0.050
A g-1, and (d) cycling performance at current densities of 0.050 and 3.7 A g-1 in the
voltage range of 0.0 - 3.0 V vs. Li/Li+. [93]
Lithium Metal Alloy Materials
Lithium-metal alloys are usually formed via a reversible chemical reaction where
lithium electrochemically reacts with metallic or semi-metallic elements. The
reaction is as follows:
LixM ↔ M + xLi+ + xe-

(2.6)

where M corresponds to the elements from groups IV and V, such as Si, Sn, Ge, Pb,
P, As, Sb, and Bi, as well as other metal elements, such as Al, Au, In, Ga, Zn, Cd,
Ag, and Mg. Among them, Si, Ge, and Sn are well-researched and considered to be
potential alternative anode materials for LIBs. [89, 95] There is a high level of
volume expansion for these alloy materials during electrochemical reactions,
however, which thereby destabilizes the SEI layer with possible crack formation due
to mechanical strain and impedes the cycling performance of LIBs.
22

Chapter 2 Literature Review

Tremendous research on silicon (Si) has revealed it to be a potential candidate anode
material for LIBs because of its low- cost, easy availability, low electrochemical
potential, and excellent theoretical capacity (4200 mAh g-1) compared with the
carbon materials. [96, 97] Bulk Si cannot withstand the stresses associated with
charge-discharge cycling, however, resulting in poor battery performance. [98, 99]
Alternatively, Si nanostructures have the capability to overcome these volumetric
stresses during charge-discharge cycling. For example, Huang et al., [100]
synthesized electrospun composite nanofibers of silicon and carbon from PAN/DMF
solution with Si powder. The first charge and discharge of these electrodes showed a
capacity of 1531 and 1004 mAh g-1, respectively, at a current density of 150 mA g-1,
amounting to capacity retention of 66%. This loss is due to the side reactions in the
electrolyte and SEI formation. Interestingly, 94% Coulombic efficiency was
achieved in the second cycle with a discharge capacity of 1069 mAh g-1. After 100
cycles, however, this reversible capacity declined to 390 mAh g-1, which represents
poor cycling performance. For improved performance, silicon nanoparticles/porous
carbon hybrid nanofibers were prepared from a stable solution of Si nanoparticles in
PAN/DMF solution by electrospinning and further processing by calcination. [101]
In the first cycle with a current density of 0.5 A g-1, these hybrid fibers demonstrated
a charge and discharge capacity of 1598 and 2643 mAh g-1, respectively, with a
Coulombic efficiency of 60.5%. This capacity degradation can be due to the SEI film
formation. After 100 cycles, these fibers retain a reversible charge capacity of 1104
mAh g-1 with capacity retention of 69.1%. These results signify the superior
performance of these hybrid fibers in terms of cycling stability. Cui et al. [102]
reported an additional mechanically stabilized layer to overcome volume expansion
and stabilize the SEI layer. Such a strategy improved the electrochemical
performance of Si nanotube, which showed excellent cycle life with 88% capacity
retention after 6000 cycles and high rate performance, but couldn’t achieve high tap
density. Therefore, a ternary composite (Fe-Cu-Si) with high tap density was
reported by Chae et al., [103] the synthesis of which was easy and could be easily
scaled up. This material showed excellent first cycle Coulombic efficiency (91%)
and specific capacity of 1287 mAh g-1. On the other hand, using various binders for
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improving the electrochemical cycling performance of Si-based anode materials is a
new area of research.
Although germanium (Ge) delivers excellent electrochemical performance when
compared to Si-based anode materials, its practical application in LIBs is limited due
to the high price of Ge. Ge has a much higher theoretical capacity (1620 mAh g-1)
compared to that of graphite. Ge also shows 104 and 400 times higher electronic
conductivity and lithium-ion diffusion rate, respectively when compared to Si, giving
Ge anode high energy and power densities. [104, 105] Ge suffers from a similar kind
of volume expansion to Si, however, which results in fading electrochemical
properties. Various groups have worked on addressing these problems with carbon
coating, nano-engineering, etc. In such an attempt, Seng et al. reported hollow
germanium-carbon nanostructured anode prepared by a simple wet method, and
enhanced electrochemical properties were reported with a high specific charge
capacity of 1200 mAh g-1 at 0.2 C, and excellent cycle life and rate performance.
[106] A recent review by Kennedy et al. summarized the advance in research on Si
and Ge based materials and future prospects for their application in LIBs. [107]
Metal Oxides
It is anticipated that the metal oxides have a high lithium ion storage capacity when
compared to carbon or silicon materials, owing to their well-ordered and crystalline
structures.[108] One-dimensional (1D) nanostructures of such metal oxides are of
special interest as anode materials in LIBs because of their high specific surface area,
structure-directed electron conduction mechanism, and lithium ion storage
capability.[109, 110] Titanium dioxide (TiO2) anatase phase is abundant,
economical, and eco-friendly while featuring high theoretical capacity (335 mAh g-1)
and cyclability, with the potential for anode application in LIBs. Electrospun TiO2
nanofibers were prepared from a precursor solution of polyvinylpyrrolidone (PVP),
ethanol, and titanium (IV) isopropoxide in the presence of acetic acid. [111] In the
first cycle, with a current density of 150 mA g-1, the specific charge and discharge
capacities were ~120 and ~175 mAh g-1, respectively, but due to the more crystalline
nature of TiO2 nanofibers, the discharge capacity is lower than that of TiO2
nanoparticles (~270 mAh g-1). The crystalline nature of TiO2 nanofibers results in
more surface defects and thus hinders electron conduction and Li+ diffusion
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mechanisms. 23% capacity fading is observed, however, for nanofibers after 2-50
cycles, which is very less than for nanoparticles (63%). This suggests the better
stability of TiO2 nanofibers for electrochemical performance. Lu et al. [112]
fabricated a three-dimensional (3D) architecture of anatase TiO2 nanofibers as a
potential anode for LIBs. These electrodes delivered a range of capacities (140-192
mAh g-1) for five cycles at a current rate of 0.5 C with a capacity loss of 1.0% per
cycle. At the current rate of 1.5 C, the discharge capacities ranged from 87-170 mAh
g-1 in the first 30 cycles, with a capacity loss of 1.6% per cycle. Such 3D
architectures can enhance the Li-ion diffusion and thus the rate capability. Tailoring
these fibers by coating or incorporation of carbon materials can greatly influence
their capacity values and thus battery performance. In such an attempt, Zhu et al.
[113] processed an electrospun TiO2-multiwalled carbon nanotube (MWCNT)
nanostructure from titanium isopropoxide and commercially available MWCNTs.
Under optimized conditions, these TiO2- MWCNTs (4%) nanofibers showed an
initial charge and discharge capacity of ~139 and ~179 mAh g-1, respectively, at a
current density of 150 mA g-1. After 800 cycles, these nanofibers delivered a
discharge capacity of ~136 mAh g-1 with a capacity fading of 8% from 10-800
cycles, demonstrating their improved cycling stability. This enhanced performance
can be attributed to the highly porous conducting 3D network of electrospun fibers
due to evaporation of the binder polymer during the sintering process. Similarly,
highly stable TiO2-graphene composite nanofibers were prepared by the
electrospinning process from polystyrene and titanium isopropoxide/DMF solution
with separately prepared graphene nanosheets. [114] The cell with these composite
nanofibers delivered an initial discharge and charge capacity of 260 and 185 mAh g1

, respectively, at a constant current rate of 33 mA g-1. The cell exhibited excellent

cycling stability except for the first few initial cycles, after which the Coulombic
efficiency was reported to be 99% with a discharge capacity of 153 mAh g-1 after
100 cycles. The capacity fading in the initial cycles could be due to variation of the
unit cell volume in the phase transition.[115] A report by Yang et al. [116] on
electrospun TiO2-carbon composite nanofibers showed excellent cycling stability,
however, and high reversible capacity of 206 mAh g-1 up to 100 cycles with a current
density of 30 mA g-1. The specific capacity of 220.8 and 217.1 mAh g-1, respectively
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with a Coulombic efficiency of nearly 100% was reported for the first discharge and
charge cycle. The improved rate capability is due to the shorter Li + diffusion
pathways and diffusion of electrolyte through the interconnected nanopores on the
fibers during charge-discharge cycling. In recent findings by Kim et al., [117]
nitrogen doped TiO2 nanofibers were produced by the electrospinning process. In an
attempt to improve electrical conductivity, a small amount of nitrogen was doped
into TiO2 nanofibers, which resulted in a specific charge and discharge capacity of
224 and 185 mAh g-1, respectively with improved performance compared to similar
systems reported elsewhere. [118,119] Owing to the significance of the TiO2 fibers
in LIBs, Prof. S. Ramakrishna and co-workers conducted extensive research and
reported the performances of full-cell assemblies of configurations of LiFePO4/TiO2
and LiMn2O4/TiO2 with commercially available olivine LiFePO4 and spinel LiMn2O4
cathodes, which delivered the reversible capacities of ~103 and ~104 mAh g-1 at
current density of 100 and 150 mA g-1 with operating voltages of ~1.4 V and ~2.1 V,
respectively. [120, 121] Lastly, Kim et al. reported Ag-doped spinel Li4Ti5O12
electrospun nanofibers with superior rate capability that was 20% more than that of
bare Li4Ti5O12 nanofibers reported elsewhere,[122,123] which could be due to the
increased charge transfer rate with the incorporation of Ag nanoparticles. [124] This
is the same as the performance observed in Nb-doped Li4Ti5O12-C composite fibers
and TiNb2O7 electrospun strings. [125-127]
A report by Poizot et al. [128] demonstrated that nanostructured transition metal
oxides undergo lithium charge-discharge reactions and show a 2-3 times increase in
reversible capacity when compared to graphitic anode materials as per the reversible
chemical reaction: MxOy + 2yLi+ + 2ye- ↔ xM0 + yLi2O (M = Ni, Cu, Fe, Co, etc.).
Among the various metal oxides, NiO is quite promising as an anode candidate due
to its ease of preparation, low- cost, non-toxicity, and high theoretical capacity (718
mAh g-1). Nevertheless, bulk NiO has poor cycling stability because of its
semiconducting/insulating nature (band gap Eg: 4.3 eV) and volume changes during
redox reactions. It is well known that tuning the nanostructured morphology to 1D
can overcome these issues. Aravindan et al. [129] synthesized high rate performance
electrospun NiO nanofibers from a precursor solution of nickel acetate, N, Ndimethyl formamide, and polyvinyl acetate in acetic acid with the following heat
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treatment. This NiO fibrous cell delivered an initial discharge and charge capacity of
1280 and 784 mAh g-1 respectively with a current density of 100 mA g-1 and
operating voltage of 1.27 V vs. Li. After 100 cycles, the discharge capacity of the
same cell was 583 mAh g-1, which is 75% of its initial charge capacity. It is notable
that these increased values can be attributed to the 1D morphology of NiO and its
pseudocapacitive behavior. On the other hand, hybrid materials show some novel
features which are quite superior to those in the corresponding single system, such as
high stability during charge-discharge cycling and volume variation of the material.
For example, electrospun porous NiO-ZnO hybrid nanofibers were prepared, which
consisted of interconnected primary nanocrystals and many nanopores as conducting
bridges between NiO and ZnO.[130] A huge discharge capacity of 949 mAh g-1 after
120 cycles with a current density of 0.2 A g-1 and of 707 mAh g-1 at a current density
of 3.2 A g-1 was reported for these fibers, and the increased performance was
attributed to the novel morphology of the nanoparticle heterostructures between NiO
and ZnO. Teh et al. [131, 132] synthesized ZnMn2O4 and ZnFe2O4 nanofibers, which
delivered a reversible capacity of 705 and 733 mAh g-1, respectively, after 30 cycles
at a current density of 60 mA g-1, whereas electrospun porous ZnCo2O4 nanotubes
showed a high reversible capacity of 794 mAh g-1 at a high current density of 2000
mA g-1.[133] Most recently, Guo and co-workers successfully demonstrated
MnxCoyNizCO3 as a possible alternative anode material, and such classes of ternary
materials could be future potential candidates for LIBs. [134]

2.1.3. Electrospinning-based Cathode Materials
To obtain high power density, energy density, and operating voltage for LIBs,
electrospun nanofibers are interesting host materials for electrodes because of their
easy synthesis by the low-cost electrospinning process, shorter diffusion pathways
for the Li-ions when compared to powder materials, faster intercalation deintercalation mechanisms, and better electrochemical reaction kinetics at the
electrode/electrolyte interface due to high porosity, reduced dissolution during the
cycling process because of their high stability and high specific surface area, and
avoidance of the use of binders and electroactive additives. [135-137] Furthermore,
due to their small pore size, high porosity, and shorter diffusion pathways for Li-ion
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transport, electrospun nanofibrous mats can be used as porous separators between
two electrodes, which enable high electrochemical performance. [138-140]
Nevertheless, their low through-put and the fiber packing density are given them a
limited application in various fields. Commercialized needleless electrospinning
technology can resolve the problem and increase through-put and fiber packing
density.
Recent advances in electrospun materials for LIB cathode application have been
based on the electrospinning of lithium based transition metal oxides with various
processing parameters, pre and post-treatments in electrospinning, and a wide range
of morphologies and composites. [141, 78] Lithium transition metal oxides include
LiCoO2, LiNiO2, LiMnO2, LiV3O8, etc. and show better electrochemical behavior as
cathodes for LIBs after these preparation methods. In this section, the focus will be
on the layered structure lithium metal oxide based composites, and advanced
developments in electrospun LiCoO2 and other lithium metal oxides will be
explained.
Goodenough and his group proposed that LiCoO2 has a layered stoichiometric αNaFeO2 structure which enables Li-ions to dissociate during electrochemical
reactions. This peculiar feature of LiCoO2 makes it a successful candidate as cathode
material in LIBs. [7] Although a larger reversible capacity can be achieved using
various surface modification methods, thermal stability, low availability, and high
price are the main challenges for LiCoO2 in terms of its safety and further
applications, such as in EVs and HEVs. To overcome these problems,
electrospinning is a low-cost and simple procedure for fabrication of 1D
nanostructures, which offer attractive properties such as high specific surface area,
short ionic and electronic diffusion pathways, and mechanical stability, [142] which
can enhance the specific capacity and thus the battery performance and safety.
LiCoO2 nanofibers can be fabricated by a sol-gel based electrospinning process
under optimized conditions of electrospinning parameters such as applied voltage of
25 kV and distance between the nozzle tip and collector screen of 30 cm. [143] The
galvanostatic charging and discharging profiles of these fibrous electrodes reveal
initial charging and discharging capacity of 216 and 182 mAh g-1, respectively, at a
potential plateau around 3.9 - 4.0 V with 64% capacity retention after 20 cycles.
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Further crystallographic and structural analysis reveals that the 1D morphology of
LiCoO2 nanofibers can greatly suppress the resistance to Li-ion diffusion during the
delithiation process and results in short diffusion pathways.[144] The high surface
area (18.04 m2/g) of these nanofibers, when compared to the powdered material (3.14
m2/g), is also responsible for improved capacity, which helps with respect to
alterations of battery voltage before the battery is completely discharged.[145]
Interestingly, after 5 cycles and 20 cycles, the crystallographic analysis shows the
formation of crystalline CoF2 and Li2CO3 by-products respectively, whose
proportions increased with the cycling process and resulted in impurities. During the
cycling process, LiCoO2 derived Co3+ ions could react with carbon species in the
electrolyte and form Co2+ ions, which further react with HF from the decomposition
of LiPF6 in the electrolyte and results in crystalline CoF2. Excess Li+ ions from a
high concentration gradient in the lattice structure react with Co3+ oxidized
electrolyte species, resulting in Li2CO3. Not only these decomposition reactions, but
also phase transitions, and structural and morphological degradation are mainly
responsible for capacity loss during the charge-discharge process. [146] This
problem can be solved in one way by optimizing the proportion of metal in the
precursor materials prior to electrospinning and the preparation of an electrolyte that
will be compatible during the cycling process. Although there are various reports on
LiCoO2 nanofibers and hollow fibers prepared by electrospinning with different
precursor materials and their metal proportions, extensive electrochemical studies
have not been performed. [147,148] To solve the problems related to the structural
stability of nanofibers, Lu et al. [149] reported a study on coating a lithium
phosphorous oxynitride (LiPON) layer on a 3D structure of LiCoO2 nanofibers. This
LiPON is a solid-state electrolyte which acts as a protective barrier for the 3D fibrous
structure and results in an enhanced Li+ diffusion mechanism, improving the
electrode-electrolyte interface and giving the fibers mechanical stability by
suppressing local strains and cathode dissolution during the cycling process.[150]
From cyclic voltammetry (CV) analysis of the rate capability, the diffusion constant
of Li+ in 3D structured LiCoO2 nanofibers ((1.3±0.1) × 10-12 cm2/s) is higher than
that in 2D LiCoO2 electrodes.[151] All these above factors are responsible for the
overall improvement of battery performance. Extensive research is required on
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surface engineering of electrospun cathode materials, which can enhance structural
and electrochemical stability.
Metal oxides as coating materials for LiCoO2 nanostructures could enhance the
structural stability of LiCoO2 during the cycling process by preventing active
electrode materials from directly reacting with the electrolyte. [152,153] Coelectrospun core-shell LiCoO2-MgO coaxial fibers were prepared under optimized
conditions of the electrospinning parameters. The initial discharge capacity of the
nanofibers was 181 mAh g-1, which is less than that of bare LiCoO2 nanofibers. This
decrease could be attributed to the suppression of direct contact between the
electrode and the Li+ ions by the MgO coating. The partial alignment of the
nanocrystals in the LiCoO2 fiber core could enhance Li+ diffusion, however, by
reducing the diffusion during the delithiation process.[154] In addition, it is observed
in the charge-discharge profiles that increase the amount of electrochemically
passive MgO coating results in interruption of the Li+ diffusion process and thereby
reduces the charge-discharge capacities for core-shell fibers.[155] Interestingly, the
discharge capacity of 163 mAh g-1 is retained for core-shell fibers after 40 chargedischarge cycles, with capacity retention of 90%. On the other hand, regardless of the
smaller particle size for bare LiCoO2, the nanofiber assemblies suffer from poor
cyclability. To resolve these issues, Ou et al. [156] developed a synthesis method for
electrospun LiCoO2 nanofibers with ultrafine particle sizes. After a grinding process
at low temperature, ultrafine powders were produced from these electrospun fibers,
resulting in high discharge capacity of 148-153 mAh g-1 and 84% capacity retention
after 30 cycles. In addition, surface modification with La2O3 coating resulted in
improved capacity retention of 83% at 50th cycle, which can be attributed to the
highly resistant La2O3 coating, which protects the structure of the LiCoO2 powder
from HF in the electrolyte.
It is well known that nanostructured morphology of the cathode material plays a key
role in battery performance. Mizuno et al. [157] reported wire-structured LiCoO2
electrodes, which could show reduced crystal growth even under high-temperature
conditions, resulting in high rate capability. Further, nanowires of heat-treated plate
like crystal clear LiCoO2 on vapor grown carbon fiber (VGCF) were prepared by
electrospinning a dispersion of VGCF in the precursor solution. The addition of
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VGCF can reduce the fiber diameter of electrospun fibers and is expected to improve
electronic conduction through the ballistic transport phenomenon. The capacity at the
first cycle is ~140 mAh g-1, which is approximately the theoretical capacity of
LiCoO2 (137 mAh g-1, 0.5< x <1 in LixCoO2). [158]
Layered-structure lithium nickel oxide (LiNiO2) with a high theoretical capacity (200
mAh g-1) is inexpensive and eco-friendly when compared to LiCoO2 and is similar in
terms of its crystal structure. [159] Hence, LiNiO2 is a potential candidate for use as
a substitute for LiCoO2 in commercial applications. A clear understanding and
research on LiNiO2 chemistry and structural features are required, however, for its
usage as cathode material in LIBs. The structural transformations of LiNiO2 during
the cycling process are categorized as follows: [160] (i) In the first cycle, during
deintercalation of Li ions (y < 0.25), Li1-yNiO2 keeps its rhombohedral phase. (ii) At
0.25 ≤ y ≤ 0.55, the structure is converted to monoclinic. (iii) Further de-intercalation
from Li1-yNiO2 results in a rhombohedral structure in the range 0.55< y ≤ 0.75. (iv)
Li1-yNiO2 attains two-phase rhombohedral phase in remaining region of y, which
alters the lattice parameters and results in the destruction of the NiO2 layer in the
LiNiO2 crystal lattice and thus capacity fading. Since successive cycles are different
from the first cycle, the reversible reaction after a few cycles is given as:
Li0.85NiO2 ↔ Li0.35NiO2 + 0.5Li+ + 0.5e-

(2.7)

At high temperatures, LiNiO2 undergoes a structural transformation into cubic phase,
which is electrochemically passive and accelerates the capacity fading, since the
LiNiO2 is non-stoichiometric. So, the difficulties in attaining a stoichiometric LiNiO2
structure by a particular synthesis method limit its commercial level application as
follows: (i) structural transformation from rhombohedral, (ii) controlled synthesis
atmospheric conditions, (iii) presence of structural abnormality and random cationmixing, and (iv) formation of inactive cubic phase in the cycling process. Thus, it is
understood that the electrochemical performance of LiNiO2 based cells depends on
the synthesis method and its optimized conditions in processing LiNiO2 based
material for cathode application. In addition, LiNiO2 is affected by geometric
distortion during the cycling process, partial phase transitions, and safety issues
relating to the exothermic release of oxygen in the electrolyte in the high deintercalation region. This release of oxygen increases with decreasing x value, and
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thus, safety issues can be controlled by keeping x from becoming too small in
LixNiO2. Thus, the structural stability of LiNiO2 is less than that of LiCoO2, since
Ni3+ is more frequently reduced. Therefore, considering all these drawbacks, LiNiO2
is not quite promising as a cathode material for LIBs at the moment.
Dahn et al. [161] designed a rechargeable LiNiO2/carbon cell for the first time with
LiNiO2 and petroleum coke as cathode and anode, respectively. This cell suffered
from capacity fading due to Li-deficient LiNiO2 and possible intercalation of Li ions
into the solid electrolyte interphase layer on the anode during the cycling process.
Nevertheless, intensive research based on developing high specific surface area
nanostructured LiNiO2 materials could resolve some these problems and allow
LiNiO2 to compete as a potential candidate for commercial applications in terms of
cost and safety. With a special focus on the synthesis conditions, Yamada et al.
prepared LiNiO2 at the optimized temperature of 700 ◦C. These samples showed high
discharge capacity of 200 mAh g-1 at a current rate of 1 mA cm-2. The cycling
performance was poor, however, with the only capacity of 90 mAh g-1 after 200
cycles at the same current rate, which can be attributed to instability in the nonstoichiometric structure, resulting in a rapid capacity loss. [162] One possible
approach to eliminating this problem is by coating an electrochemically inactive
material on LiNiO2 cathodes to prevent structural degradation during the cycling
process. Various research groups reported that ZrO2, La2O3, and SiO2 coated LiNiO2
cathodes showed enhanced capacity; high rate capability, and excellent reversibility.
[163, 164] The surface engineering of LiNiO2 with such coatings could prevent the
possible chemical reactions between electrode and electrolyte during prolonged
cycling and would have no influence on capacity, since there is no loss of active
material in the parent oxide. Developing novel 1D nanostructure can greatly enhance
the structural and electrochemical properties, however, because of their unique
features such as high surface-to-volume ratio. There have been reports on preparing
electrospun LiNiO2 nanofibers [165, 166] although neither of the reports explained in
detail the electrochemical properties of such hollow fibers.
Manganese oxides have been proved to be inexpensive, eco-friendly, and abundant
when compared to cobalt or nickel oxides. Lithium manganese oxides with layered
(LiMnO2) and spinel (LiMn2O4) structures have significant roles in the research
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community due to the above-mentioned features and the theoretical capacity of 285
mAh g-1 and 148 mAh g-1 for LiMnO2 and LiMn2O4, respectively. [162] Layered
LiMnO2 is unsuitable for further research, however, as it is almost impossible to
prepare it in pure phase. In contrast to the layered structure of LiMnO2, the present
spinel structured LiMn2O4 has three-dimensional stable tunnel structures as due to its
cubic close packing which can enhance the Li ions intercalation and de-intercalation
in multiple ways.[167] Moreover, the Li de-intercalation process in spinel LiMn2O4
retains the spinel structure in Li1-xMn2O4 as per charge reaction below, so the
structure does not break down during the cycling process and shows improved
thermal stability and high energy density.[168] Further explanation regarding
research advances in spinel LiMn2O4 is beyond the scope of this doctoral thesis
literature review.
Using layered lithium metal oxides such as LiCoO2, LiNiO2, and LiMnO2 in electric
vehicle batteries has been limited due to their respective features, such as the high
cost of cobalt, structural instability, low gravimetric and volumetric energy density,
and difficult synthesis methods. Nevertheless, the electrochemical behavior and
overall conductivity of such systems can be enhanced by substituting various metal
ions into the above lithium metal oxides. [169] For instance, hollow
LiNi0.8Co0.1Mn0.1O2-MgO coaxial fibers were synthesized by a sol-gel assisted
coaxial electrospinning process with a shell thickness of 30-60 nm and wall thickness
of 300-500 nm. [170] Such fibers showed an initial discharge capacity of 195 mAh g1

at a current density of 20 mA g-1 and voltages of 3.0 to 4.3 V. After 50 cycles, the

same electrodes retained hollow-structured fibers with a discharge capacity of 174
mAh g-1 and 89.2% capacity retention. This improved performance could be
attributed to the hollow tubular structures which provide more active sites for Li-ion
intercalation/de-intercalation and prevents capacity fading associated with the
concentration polarization at higher current density. Similarly, core-shell
Li(Ni1/3Co1/3Mn1/3)O2-Li(Ni1/2Mn1/2)O2 fibers were synthesized by a sol-gel assisted
co-electrospinning process.[171] Here the core and the shell have the unique features
of high specific capacity (200 mAh g-1) and good stability, respectively. These fibers
showed an initial charge-discharge capacity of 211.2 and 195.7 mAh g-1,
respectively, and capacity loss of 5.9% and 5.1% after 5 cycles. After 40 cycles, the
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specific capacity decreased from 195.7 to 147.7 mAh g-1. This better stability was
due to the core-shell structure of the fibers (see Figure 2.10 a, b). Thermal stability of
the active material is also an essential feature for LIBs in its potential high-end
applications such as HEVs, EVs etc. Kuo et al. [172] fabricated electrospun
nanofibers of LiNi0.5+αMn0.5-αO2 with multi-layered nanoparticles and grain size ≤ 50
nm. These nanofibers showed excellent thermal stability at 800ᵒC, although the
electrochemical performance needs to be further investigated. Adding conductive
carbon materials to such substituted lithium metal oxide nanofibers can further
enhance electron and ion diffusion. Zhang et al. [173] reported Li2MnSiO4/Carbon
composite nanofibers prepared by the electrospinning process and further heat
treatment. These nanofibers delivered a charge-discharge capacity of 218 and 185
mAh g-1, respectively, at the second cycle with capacity retention of 54% after 20
cycles. Later, the same researchers reported Cr-doped Li2MnSiO4/carbon composite
nanofibers produced by the electrospinning technique. [174] These fibers showed a
discharge capacity of 295 and 318 mAh g-1 at the first and fifth cycles, respectively,
and 273 mAh g-1 even after 20 cycles. These fibers showed capacity retention of 65%
after 50 cycles. This improved electrochemical performance can be attributed to the
high surface area and conductive nature of the nanofibers and to the presence of Cr 3+
ions, which prevent the lattice structure from collapsing during cycling.

Figure 2.10. (a) TEM image of core-shell Li(Ni1/3Co1/3Mn1/3)O2-Li(Ni1/2Mn1/2)O2
fiber and (b) Cycling performance of core-shell fibers. [171]
Recently, Li-rich and Mn-based layered materials commonly represented by
Li1+xM1−xO2 or xLi2MnO3·(1 - x) LiMO2 (where M = Mn, Ni, or Co, and x > 0) have
attracted the attention of many researchers due to their high capacity values of more
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than 250 mAh g-1 and their thermal stability up to the high charge cut-off voltage of
4.8 V. [175] The structure of these materials has excess lithium in the transition
metal layer, so they are called lithium-rich layered oxide materials. These materials
suffer from various electrochemical problems, however, such as low initial
Coulombic efficiency, quick capacity drop, and poor rate performance. To overcome
these problems, various groups have successfully synthesized one-dimensional
nanostructures of lithium-rich layered oxide materials. For instance, Hosono et al.
revealed that highly crystalline electrospun 0.5Li2MnO3-0.5LiNi1/3Co1/3Mn1/3O2
hollow nanowires exhibited an improved cycling performance. [176] These hollow
nanowire electrodes delivered an initial charge and discharge capacity of 328 and
273 mAh g-1, respectively, at a current density of 0.01 A g-1 and 83% Coulombic
efficiency. After 20 cycles at the same rate, these electrodes showed a capacity of
200 mAh g-1. This improved cycling performance could be attributed to their special
nanostructured morphology, which was able to withstand the mechanical stress
during the cycling process. Similarly, there have been various reports where
electrospinning was employed as the synthesis method that demonstrated improved
electrochemical properties of lithium-rich layered oxide materials, achieving
excellent cycling and rate performance, via variable tunable morphologies. [175,
177] To further improve the electrochemical performance and its consistency, most
recently Kim et al. employed a novel electrode architecture, consisting of hetero
nano mats of lithium-rich layered cathode particles embedded in polyacrylonitrile
nanofibers/multiwalled carbon nanotubes, as shown in Figure 2.11. [178] Such a
novel strategy could offer good scope for future battery applications.

Figure 2.11. Schematic representation of preparation procedure of lithium-rich
layered cathode based composite hetero nano mat and its architecture. [178]
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2.2. Sodium-ion Batteries
As mentioned earlier, sodium-ion batteries (SIBs) have been considered to be
economical alternatives to LIBs, due to the abundance and low- cost of the sodium
raw materials and their suitable redox potential, -2.71 V (vs. standard hydrogen
electrode (SHE)). High-performance electrodes are required for SIBs, with enough
interstitial spaces that can accommodate intercalation and de-intercalation of sodium
ions, as their ionic radius (1.02 Å) is 39 % larger than that of lithium ions (0.76 Å).
Sodium metal as an anode material in SIBs shows similar properties to lithium, such
as the reactivity of sodium with electrolyte, resulting in side reactions, dendrite
formation, and safety hazards at high operating temperatures. Hence, it is essential to
design alternative anode materials for SIBs. Additionally, various types of SIB
cathode materials have been researched and divided into two main groups, i.e. oxide
and polyanion structures represented as NaxMO2 and NaxMyXz (M = transition metal,
X = PO4, SO4, PO4F, SO4F, etc.), respectively.

2.2.1. Principles of Operation and Basic Concepts
The principles of operation and basic concepts of SIBs are almost to the same as
those of LIBs mentioned earlier in section 2.1. Nevertheless, based on the variation
in redox potentials, ionic radius, and sodium-ion conductivity, there will be changes
in the capacity values of sodium based materials when compared to their
counterparts in LIBs.

2.2.2. Conventional Electrode Materials
2.2.2.1. Cathode Materials
Layer-structured Oxides
The sodium layered oxide materials, commonly represented as NaxMO2, M =
transition metal; have been well researched as potential cathode materials for SIBs.
These layered structures can be classified into two main types as per the Delmas
notation, i.e., P2 and O3 type. The letters P and O correspond to the prismatic and
octahedral sites, respectively occupied by alkali ions, whereas, the numbers 2 and 3
represent the number of perpendicular repeated transition metal (TM) layers in the
layering of the crystal structure. [179] Research into SIB cathode materials is not
new, and in the 1970s, Delmas and co-workers investigated basic crystallographic
aspects of sodium layered oxides and proposed that NaxCoO2 could undergo
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reversible phase transformations during electrochemical charging and discharging,
and proposed sodium layered oxide compounds as possible cathode materials.
Further research has hardly been seen, however, owing to the commercial dominance
of LIBs. [180] Although there were various studies related to NaxMO2, M = Mn, Fe,
and Cr, a decade ago, they were limited due to the respective disadvantages of these
materials, such as high initial irreversible capacity, poor cycling stability, and
instability of the active material with respect to the electrolyte.
Starting a few years ago, there has again been tremendous research into sodium
based cathode materials, which have started to address the inherent problems and
compete in SIB technology. Studies proved that there is a significant enhancement in
the electrochemical performance of SIBs with O3-type layered structures; Komaba et
al. reported NaCrO2 with an initial discharge capacity of 120 mAh g-1, which is
higher than that of its Li counterpart, due to increased TM layer inter-slab distance in
the NaCrO2 crystal structure. [181] On the other hand, O3-type NaNi0.5Mn0.5O2
material showed initial discharge capacity of 105 mAh g-1 at 0.1 C and capacity
retention of 75 % after 50 cycles in the voltage range of 2.2 - 3.8 V. [182, 183]
During the charging process, it was noticed that the initial O3 phase was transformed
to P'' phase through intermediate phases (O'3, P3, and P'3). Similarly, O3-type
Na[Ni1/3Fe1/3Mn1/3]O2 delivered the initial capacity of 101 mAh g-1 with average
potential of 2.75 V, and the phase transformation was observed to be fully reversible
when the discharge process was complete, whereas the compound with Co instead of
Fe showed initial capacity of 119 mAh g-1 in the potential window of 2.0 - 3.75 V.
[184, 185] These compounds are sensitive to moisture/air, however, resulting in
hydrated and non-stoichiometric phases.
While P2-type layered oxides such as Na0.6MnO2 and Na0.7CoO2 have better initial
discharge capacity than the O3-type layered oxides, again, poor cycling performance
remains a major issue. [186, 187] Environmental concerns are also driving research
aimed at replacing toxic and costly metals such as Cr and Co with safe and abundant
metals such as Mn, Fe, and Ni, possibly with these intermixed. [184, 188] Safer and
more affordable layered sodium metal oxides containing mixed-valence Ni, Fe, and
Mn, such as the P2-type Nax(Mn1-yMy)O2 material (x,y ≤ 1; M = Ni, Fe, and Mn),
have been reported. [189, 190] Importantly, these environmentally friendly materials
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at most deliver an excellent initial discharge capacity of ~190 mAh g-1 at a low
current density in the 1.5 - 4.3 V range with an energy density of ~520 mWh g-1.
These properties make the performance of such electrodes comparable to those of
LiFePO4 and LiMn2O4 cathodes in commercial use in LIBs (see Figure 2.12) and
open up a new avenue for the development of future cathode materials.
Unfortunately, the poor cycling performance of the P2-type Nax(Mn1-yFey)O2 (x =
2/3, y = 1/2) materials presents a major hurdle to its large-scale commercial
application. The electrochemical behavior of materials is governed by their structural
and chemical evolution. For example, delithiation of the P2-LixVO2 (x = 0.80)
cathode proceeds through multiple two-phase and solid-solution reactions to form
P2-LixVO2 (x = 0.50), leading to structural instability and poor cycling
performance.[191] The main challenges for these cathode materials are phase
transformations in high cut-off regions and sensitivity to moisture/air.

Figure 2.12. Ragone plot representing key parameters of average voltage, volumetric
energy density and capacity of cathode materials for sodium-ion batteries in
comparison with their counterparts in lithium-ion batteries. [190]
Polyanion Structure Compounds
In addition to tremendous research into layered oxide compounds, polyanion
compounds have been well investigated as potential cathode materials for SIBs due
to the accommodation of sodium ions in their crystal structure. The tetrahedral
polyanions structures are composed of (XO4)n- (X = P, S, etc.) and transition metal
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layers of MO6 (M = transition metal) polyhedra. In addition to their
electrochemically active crystal structure and tunable operating voltage as per the
local environment of the polyanions, these polyanion structures are thermally stable
because of strong covalent bonds in (XO4)n- and are thus appealing for their potential
application in future high-end storage applications.
During the initial years of research on polyanions, sodium superionic conductor
(NASICON) type three-dimensional (3D) structures were thoroughly researched due
to their fast sodium-ion diffusivity associated with their 3D stable structure. These
NASICON materials were demonstrated as multifunctional materials that could be
used as a solid electrolyte and insertion materials. [192-194] These materials are
commonly represented as AxMM'(XO4)3, consisting of (XO4)n- and transition metal
layers of MO6/ M'O6 (M = transition metal) polyhedra in a 3D structure with facile
sodium ion diffusion channels. [195] NaTi2(PO4)3 was the first NASICON type
material reported by Delmas and co-workers as electrochemically active, although
the long-term battery performance was poor. [196, 197] Later in 2002, Yamaki et al.
reported a bifunctional electrode material, Na3V2(PO4)3, which can act as both anode
and cathode in SIBs assembled in a symmetric configuration. Such bi-functionality
of this material exists because of the presence of two voltage plateaus around 1.6 and
3.4 V vs. Na/Na+. [198] Though the initial stages of

the electrochemical

performance of this material are not satisfactory, there has been extensive research to
improve the rate capability and cycling performance of Na3V2(PO4)3 using various
techniques such as coating with carbonaceous materials, doping with foreign
elements, using various nanostructures, etc. For instance, recently, Li et al. reported a
hybrid nanostructure of carbon coated Na3V2(PO4)3 (Figure 2.13a,b), which showed
excellent rate and cycling performances, with 75 % capacity retention after 600
cycles, as is evident from Figure 2.13c. [199] Later, there was the discovery of a new
4 V cathode material, Na7V3(P2O7)4, by the Kang group, which exhibited a redox
potential at 4.13 V, excellent cycling performance with 75% capacity retention after
600 cycles, and low volume changes (~1%) in the crystal structure. [200] Most
recently, a 3.3 V cathode material β-NaVOPO4 was synthesized by the ion exchange
method, although the electrochemical properties need to be further optimized. [201]
There have been sodium analogs of LiFePO4, that is, NaFePO4, which was obtained
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by electrochemical ion exchange method between LiFePO4 and Na, but there has
been no further progress in the research due to its unknown structural evolution.

Figure 2.13. (a and b) SEM and high resolution (HR)-TEM image of Na3V2(PO4)3 Carbon hybrid nanostructure, (c) cycling performance and Coulombic efficiency of
the hybrid nanostructure over 600 cycles at current density of 1 C. [199]
On the other hand, various groups have proposed new polyanion based cathode
materials, such as fluorophosphate, pyrophosphate, fluoro sulfates, fluorophosphites,
hexacyanoferrates, etc. The fluorophosphate based materials are NaVPO4F,
Na3V2(PO4)2F3, and Na1.5VOPO4F0.5, which were considered as possible potential
cathode materials because of the high redox potential associated with the redox
reaction

V3+/V4+.

[202-204]

NaVPO4F

and

Na1.5VOPO4F0.5

were

not

electrochemically rich enough for practical applications, however. Nevertheless,
Na3V2(PO4)2F3 was reported to have achieved excellent cycling performance. [203]
In addition, the pyrophosphate material Na2FeP2O7 was reported, which delivered a
low reversible capacity of 90 mAh g-1, although it showed excellent thermal stability
over 500 ˚C, making it a potential alternative cathode in SIBs. [205] The sodium
metal fluoro sulfates were assumed to have high sodium ion conductivity, but their
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electrochemical performance was insufficient for practical applications. Recently,
there

has

been

a

report

on

an

iron-based

fluorophosphite,

NaFe3(HPO3)2((H,F)PO2OH)6, which showed average discharge voltage of 2.5 V
with a reversible capacity of 90 mAh g-1, but even then, further electrochemical tests
and optimizations are required to fully understand this material. [206]
Hexacyanoferrate has been extensively investigated due to its high theoretical
capacity of 170 mAh g-1. [207] For example, polypyrrole coated NaxFe[Fe(CN)6],
showed initial discharge capacity of 113 mAh g-1, and most importantly, achieved
excellent rate capacity and cycle life with 79 % capacity retention after 500 cycles.
[208] Although the polyanion compounds exhibit excellent 3D frameworks and
thermal stability, research towards improving the inherent electronic conductivity of
these materials is badly needed and could pave the way for their practical large-scale
applications.

2.2.2.2. Anode Materials
For the past several years demand for SIBs was increasing due to their possible
potential applications in electrical energy storage grids. As mentioned in the previous
section, there has been tremendous research was carried out on cathode materials for
SIBs, considering their analogs in LIBs. On the other hand, the widely used
commercial graphite anode in LIBs is not suitable for SIBs due to its limited
capacity, and further attempts to improve its applicability were in vain. [209] Hence,
there has been significant research focused on anode materials for SIBs.
Carbonaceous Materials
Although graphitic carbon showed relatively low capacity values in SIBs, there are
various other carbonaceous materials, such as hard carbon, conductive polymers,
coke, macroporous carbon, carbon nano/microspheres, carbon nanotubes, carbon
black, graphene, etc., which are compatible with anode materials in sodium-ion
intercalation and de-intercalation with the cathode materials of SIBs. [210] After the
discovery of hard carbon (or non-graphitizable carbon), Dahn and co-workers [211]
in 2000 reported a glucose derived hard carbon that delivered an initial reversible
capacity of ~300 mAh g-1, and there have been many other reports on hard carbon in
terms of tuning its morphology to one-dimensional nanostructures, carbon-based
hybrid composites, and additives, electrolytes, and doping aspects.[212,213] For
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instance, Luo et al. synthesized cellulose-derived hard carbon fibers with excellent
cycling performance, with a capacity of 176 mAh g-1 over 600 cycles at 200 mA g-1
current density. [214] Yin et al. reported on a disordered hard carbon-graphene
hybrid composite with capacity retention of ~300 mAh g-1 at 50 mA g-1 current
density after 100 cycles with excellent rate capability in the voltage range 0.01-3.0 V
vs. Na/Na+. [215] In addition, the Komaba group reported that the electrolyte
additive of 2 vol% fluoroethylene carbonate (FEC) could enhance the cycle
performance of hard carbon. [216] The same group demonstrated that the
electrochemical performance of hard carbon also depends on the proportions in the
electrolyte mixture of ethylene carbonate (EC), propylene carbonate (PC), and
butylene carbonates (BC). Among these, the hard carbon exhibited better cycle
performance in the EC and PC based electrolytes. Furthermore, nitrogen doped
carbon nanofibers delivered capacity retention of 88.6 % after 200 cycles at a current
density of 200 mA g-1 in the voltage range of 0.0 - 2.0 V. [217]
Alloy Materials
Alloy type materials were considered to be potential alternative anode materials for
SIBs because of their high capacity values, although the volume expansion during
the cycling process results in the pulverization of the electrode and subsequent loss
of contact with the current collector, thereby leading to capacity decay. [218]
Various approaches, such as nanostructures, patterned current collectors, and highperformance binders, have been employed to address these problems.
Antimony (Sb) based Materials
Recently, Sb attracted the attention of various research groups because of its
excellent cycling performance over 100 cycles and high reversible capacity values of
~600 mAh g-1.[219, 220] The first report on Sb was based on the ball-milling
preparation of Sb-C composite from Sb particles and carbon black. Due to this
mechanical process, the small Sb nanocrystallites penetrated into the carbon matrix
and helped to reduce the volume expansion during electrochemical cycling. This
composite delivered an improved reversible capacity of 610 mAh g-1 at a current
density of 100 mA g-1 in the voltage range of 0.0 - 2.0 V. [221] Later on, various
other reports focussed on improving its electrochemical performance in terms of rate
capability and cycling performance, by employing nanostructured materials, the
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preparation of hybrid composites, electrolyte additives, binders, etc. Most recently,
Liu et al. prepared various classes of nanostructures of Sb such as coral-like
nanoporous Sb, honeycomb-like nanoporous Sb, and Sb particles with different sizes,
using a chemical de-alloying process. Among them, coral-like nanoporous Sb
exhibited a high reversible capacity of 574 mAh g-1 after 200 cycles at a current
density of 100 mA g-1. Such excellent electrochemical performance was attributed to
the novel design of the electrode with a 3D network structure that can provide facile
access to sodium ions. [222] Later, Lu et al. investigated the influence of FEC
electrolyte on the electrochemical performance of Sb-based anode and discovered
excellent cycling performance (Figure 2.14a) due to the formation of a double-layer
SEI film based on NaF or fluoroalkyl carbonate during the cycling process, as
illustrated in Figure 2.14b. [223] To understand the influence of binders on the
electrochemical performance, the Goodenough group demonstrated a chitosan-based
polymer network binder for Sb anode that was formed from the cross-linking
chemistry between chitosan and glutaraldehyde. Such a low-cost and novel binder
promotes the electrochemical performance of Sb anode by mitigating the volume
expansion during cycling, leading to excellent cycle performance and high
Coulombic efficiency. [224]

Figure 2.14. (a) Cycling performance of Sb-based anode with and without the
electrolyte additive FEC, and (b) schematic illustration of double-layer SEI
formation during cycling due to FEC additive. [223]
Tin (Sn) based Materials
With in-situ transmission electron microscopy (TEM), Huang et al. demonstrated
that on alloying Sn with Na, the initial result is NaxSn (x = 0.5) phase, and Na15Sn4
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phase is finally formed with a high theoretical capacity of 847 mAh g-1. These two
phases suffer from severe volume expansion during electrochemical cycling,
however. [225] Therefore, recent research has been focussed on designing electrodes
so as to minimize volume expansion. For example, a hierarchical Sn-carbon
composite composed of a foam-like carbonaceous matrix with a graphene skeleton
was reported by Luo et al. and achieved a sodium-ion storage capacity of 413 mAh
g-1 with excellent rate and cycling performance. [226] Hu and co-workers reported a
hierarchical wood fiber substrate that could enhance the cycling performance of Snbased anodes up to 400 cycles. This was attributed to the soft texture of the wood
fibers, which could counter the volume expansion of Sn anode during the cycling
process. [227] Furthermore, this porous substrate acts a reservoir for the electrode
and promotes dual-ion conductivity. As mentioned earlier, high-performance binders
also could enhance the electrochemical properties, for Sn-based electrodes.
Polyacrylic acid (PAA) was used as a binder and resulted in enhanced cycling
performance due to the strengthening of electrodes. As well as using FEC as an
electrolyte additive, resulting in stable SEI layer formation, the cycling performance
was further enhanced for these Sn-based electrodes with PAA binder. [221]
Phosphorus (P) based Materials
P is one of the anode materials that have attracted scientific community because of
its high theoretical capacity of ~2600 mAh g-1, corresponding to the formation of
Na3P alloy. In 2013, the Lee and Yang groups [228, 229] explored P anode materials
in SIB and demonstrated that ball milling under an optimized ratio of P to carbon
black (C) (7:3), resulted in P-C amorphous phase and delivered an excellent
electrochemical performance with high reversible capacity of > 2000 mAh g-1, as
well as excellent rate and cycling performance. Similar electrochemical results were
reported in the case of carbon nanotubes - P and graphene - P composite electrodes.
[230, 231] In the above cases, it is believed that the carbon matrix plays a key role in
enhancing the conductivity and structural stability of P and thereby improves the
electrochemical performance. The Cui group [232] later reported a sandwich
structured multi-layered black P - graphene composite nanostructure. This sandwich
structure exhibited excellent reversible capacity of 2440 mAh g-1 and capacity
retention of 83 % after 100 cycles at a current density of 50 mA g-1. Such an
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improved performance was attributed to not only the promotion of electrical
conductivity but also the mitigation of volume expansion by graphene layers in the
sandwich structure. Similarly, Zhang et al. [233] reported an amorphous P/N-doped
graphene paper electrode for SIBs that delivered excellent cycling performance and
high rate capability of 809 mAh g-1 at a current density of 1500 mA g-1. Owing to the
interest in research on amorphous P, recently, the Komaba group performed
advanced characterizations using hard X-ray photoelectron spectroscopy (HAXPES)
and time-of-flight secondary ion mass spectroscopy (TOF-SIMS) to understand the
influence of the electrolyte additives FEC and vinylene carbonate (VC). They
demonstrated that the SEI layer formation is thicker in the case of the additive-free
material and greatly reduced with the additives. [234] Although there were reports on
other alloy materials such as Bi and Ge, [235,236] the electrochemical performance
is not comparable to those of Sb, Sn, and P.
Metal Oxides, Sulfides, and Organic Materials
On the other hand, extensive research was carried out on other types of anode
materials, including metal oxides, metal sulfides, and organic materials. In both LIBs
and SIBs, the electrochemical reaction mechanism of the anode material is same and
very simple. In SIBs, metal oxides are classified into two types, sodium insertion,
and conversion compounds. Among them, TiO2 is one of the best-studied materials
due to its appealing electrochemical performance, low-cost, and abundance. For
instance, TiO2-graphene composite delivered excellent cycling performance over
4300 cycles with rate capability of > 90 mAh g-1 at 36 C. [237] Similarly, Na and Tibased anodes such as Na2Ti3O7 and NaTi2(PO4)3 have been of particular interest
because of Na reversible intercalation associated with the redox couple of Ti3+/Ti4+,
resulting in reversible capacity of 177 and 131 mAh g-1, respectively. [238,239]
Along similar lines, the conversion compound spinel NiCo2O4 in the full-cell
configuration with NaxCoO2 delivered second cycle reversible capacity of ~201 mAh
g-1 at 0.1 C. [240] Metal sulfides have been pursued as potential anode materials.
Most importantly, molybdenum disulfide (MoS2) is one of the earliest compounds
studied for rechargeable LIBs due to its layered structure, which can intercalate Li+
between the MoS2 layers.[241] Although the capacity of MoS2 has been greatly
improved (theoretical capacity = 670 mAh g-1), large volume changes occur during
45

Chapter 2 Literature Review

charge-discharge cycling, which results in poor cycling stability. Several methods
have been reported to successfully improve the cycling stability, such as exfoliation
and restacking of MoS2 layers, introducing polymers between the MoS2 layers, and
the addition of graphene sheets to form composites. [242, 243] For instance, Yu et al.
synthesized 1D nanostructures consisting of single-layered MoS2 nanoplates within
electrospun carbon nanofibers that exhibited high reversible capacity of 853 mAh g-1
with excellent cycling performance due to high electrical conductivity and short
sodium ion diffusion pathways. [244] Furthermore, organic materials as an anode for
SIBs are of particular interest owing to their simple recyclable nature. For example,
Luo and co-workers reported a new organic material, 3,4,9,10-perylenetetracarboxylicacid-dianhydride (PTCDA), and upon sodiation during cycling of
PTCDA, the alloy Na15PTCDA delivered high reversible capacity of 1016 mAh g-1.
[245] This research direction also could pave the way to economical and recyclable
SIBs. Though there is significant research on anode materials for SIBs, now hard
carbon could currently be the better candidate. Nevertheless, further research into
metal oxides, sulfides, and organic materials as constituents of SIBs could be
considered with careful optimization.

2.2.3. Electrospinning-based Cathode Materials
Due to its heavy weight, larger ionic radius, and the lower potential of sodium when
compared to that of lithium, the gravimetric and volumetric densities are limited for
SIBs in comparison to LIBs. Hence, developing a material system such as onedimensional (1D) nanostructures could facilitate ionic diffusion and thereby
improved electrochemical performance. [246] Unlike LIBs, the research on
electrospinning based cathode materials has been limited till to date, and there is
room for future research. The electrospun cathode materials for SIBs are briefly
summarized as follows. Among sodium transition metal oxides, NaxMnO2 is a
traditional material that can accommodate sodium-ion insertion and extraction,
although the long-term electrochemical performance was poor. Hence, to address
such problems, Fu et al. [247] reported 1D nanofibers and nanorods of Na0.44MnO2
synthesized by the electrospinning technique, as shown in Figure 2.15a.
Interestingly, such 1D structures showed improved rate and cycling performance,
with a specific discharge capacity of 69.5 mAh g-1 at 10 C and 120 mAh g-1 after 140
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cycles (see Figure 2.15b,c). On the other hand, research has been focussed towards
substituting Li into sodium layered oxide structures to enhance the structural stability
of the material during electrochemical cycling and thereby the electrochemical
performance. Li-substituted sodium metal oxide; Na0.8Li0.4Ni0.15Mn0.55Co0.1O2
nanofibers were prepared by electrospinning and exhibited improved reversible
capacity of 138 mAh g-1 at 15 mA g-1 with improved rate and cycling capability.
[248] Likewise, there are a few reports on successful syntheses of Na3V2(PO4)3 and
Na1.2V3O8 fibers that demonstrated improvements long-term cycle life and rate
capability. [249-251] This improved electrochemical performance could be attributed
to the fibrous network structure that can facilitate faster ionic diffusion, as shown in
Figure 2.16a, and withstand mechanical stresses during electrochemical cycling.

Figure 2.15. (a) The formation mechanism of Na0.44MnO2 nanofibers and nanorods,
(b) cycling performance of nanofibers and nanorods over 150 cycles, and (c) rate
performance of nanofibers. [247]
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Figure 2.16. (a) Schematic illustration of facile ionic diffusion in nanofiber network,
(b and c) cycling and rate performance of corresponding Na3V2(PO4)3-carbon
nanofibers. [250]

Note: A part of the version of this chapter has been published and the citation of the
paper is below.
S. Kalluri, K.H. Seng, Z. Guo, H.K. Liu, and S.X. Dou, RSC Advances 2013, 3,
25576 - 25601.
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Figure 3.1. Flow chart illustration of the experimental overview.
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3.2. Chemicals and Materials
The chemicals and materials used in this doctoral research work are outlined in Table
3.1, along with their formulae, purity, and supplier.
Table 3.1. Chemicals and materials used in this doctoral work.
Chemicals/Materials

Formula

Purity (%)

Acetone

C3H6O

99.0

Acetic acid

CH3COOH

99.85

Aluminium foil

Al

n/a

Supplier
Ajax Finechem
Australia
Sigma-Aldrich
Australia
Vanlead Tech
China
Timcal Graphite

Carbon black

C

Super P

& Carbon
Canada

Carboxymethyl cellulose

n/a

Copper foil

Cu

n/a

CR2032 type coin cells

n/a

n/a

Deuterated dimethyl carbonate

C3D6O3

99.5

Deuterated ethylene carbonate

(CD2O)2CO

98.0

Diethyl carbonate

C5H10O3

99.0

Ethanol

C2H5OH

99.0
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Dow USA

Vanlead Tech
China
China
Novachem
Australia
Novachem
Australia
Sigma-Aldrich
Australia
Ajax Finechem
Australia
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Ethylene carbonate

99.0

Fluoroethylene carbonate

99.0

Immobilon - P, PVDF membrane

-(C2H2F2)n-

n/a

Industrial oxygen

O2

99.9

Iron (II) acetate

Fe(CO2CH3)2

95.0

Iron nitrate

Fe(NO3)3.9H2O

99.95

Lithium foil

Li

n/a

Lithium hexafluorophosphate

LiPF6

99.99

Lithium nitrate

LiNO3

Manganese (II) acetate tetrahydrate

(CH3COO)2Mn.
4H2O

Mesocarbon microbeads (MCMB)

C

Mill-Q water

H2O

N - methyl - 2 - pyrrolidone

Australia

Sigma-Aldrich
Australia

Sigma-Aldrich
Australia
BOC Australia
Sigma-Aldrich
Australia
Sigma Aldrich
Australia
Gafeng, China
Sigma-Aldrich
Australia

Reagent

Sigma-Aldrich

Plus

Australia

≥ 99.0
n/a
5 ppb
(TOC)

99.5
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Sigma-Aldrich

Sigma-Aldrich
Australia
China
Millipore USA

Sigma-Aldrich
Australia
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N, N - dimethyl formamide

Nickel (II) acetate tetrahydrate

99.8

Ni(OCOCH3)2.4H2O

Poly(vinylidene fluoride)

n/a

Mw = 534,000

Polyvinylpyrrolidone

Porous glass fiber (Borosilicate
glass)

n/a

SiO2-B2O3-Na2O

Propylene carbonate

Polypropylene-coated Aluminium
foil

99.998

n/a

99.7

(C3H6)n - Al

n/a

Sigma-Aldrich
Australia
Sigma-Aldrich
Australia

Sigma-Aldrich
Australia

Sigma-Aldrich
Australia
Merck Millipore
Australia
Sigma-Aldrich
Australia

Amcor Australia
Hoechst

Polypropylene film

(C3H6)n

Celgard

Celanese

2500

Corporation
USA

Sodium acetate anhydrous

CH3COONa

≥ 99.0

Sodium cubes

Na

99.9

Sodium perchlorate

NaClO4

≥ 98.0
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Sigma-Aldrich
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3.3. Synthesis Methods
The synthesis procedures used in this doctoral research work are illustrated in the
following sections. These synthesis procedures are facile, easily scalable to an
industrial level, and feature low-cost raw materials and equipment. The detailed
synthesis procedures for the individual samples are explained in the individual
chapters.

3.3.1. Sol-gel Method
One of the most important barriers to the commercialization of various electronic
devices is the preparation technology for the materials involved in those devices.
Amongst the various chemical route synthesis methods, the sol-gel method is
considered as most viable and economical due to various advantages, such as
uniform mixing at the atomic or molecular level, low synthesis temperature with less
heating time, better crystalline features, and smaller particle size at the nanometer (or
micrometer) level, and most importantly, it is a viable method for scaling-up
production. [1] There are various steps involved in this method: mixing (of precursor
salts), casting, gelation, aging, drying, dehydration or chemical stabilization, and
densification as shown in Figure 3.2. [2, 3] To understand the feasibility of the solgel method, consider lithium-ion battery technology, in which various anode and
cathode materials are prepared using this sol-gel based method. For example,
LiCoO2, the well-known commercial material in mobile phone batteries, is generally
prepared by the solid-state reaction method (physical mixing of precursor salts in the
powdered state and further heat-treatment), although such methods require prolonged
heating time and elevated the temperature to get a uniform and productive outcome.
To address such problems, sol-gel methods are preferred which can be used to
synthesize not only lithium cobalt oxides but also various classes of materials with
dopants and surface coatings. [4, 5] In this doctoral work, the sol-gel method was
used for solution preparation for the electrospinning technique and also to prepare
particle morphology samples, which were used as reference samples to compare the
properties of the respective electrospun materials.
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Figure 3.2. Schematic illustration of various steps involved in the sol-gel synthesis
method. [3]

3.3.2. Electrospinning
3.3.2.1. Overview
Electrospinning is an extensively used synthesis technique for forming continuous
electro-active nanofibers from a broad range of materials with diameters in the range
of several nanometers to the micrometer scale. Among various nanostructured
materials, nanofibers are successfully prepared by electrospinning from polymers,
semiconductors, ceramics, and their composites.[6-8] Due to the decrease in fiber
diameter to the nanoscale, these materials exhibit improved properties, such as high
specific surface area, porosity, flexibility, and better electrochemical and mechanical
properties, which make them competitive candidates for various applications such as
in energy conversion and storage devices, electronic devices, tissue engineering, etc.
[9,10] as represented in Figure 3.3.
The basic principle of processing nanofibers by electrospinning is based on the
unidirectional elongation of a viscoelastic solution by considering multiple
parameters associated with electrospinning. [8] Continuous nanofibers are formed
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due to the electrostatic coulombic repulsive forces applied during elongation of the
viscoelastic solution as it strengthens to form a fiber as shown in the inset of Figure
3.4. In the schematic representation of electrospinning set-up shown in Figure 3.4, a
syringe is first filled with a viscoelastic solution, which is fed through a flow meter
pump. When a high voltage is applied to the solution, at a threshold voltage usually
around 6 kV, the repulsive force developed in the electro-active solution is greater
than its surface tension and a droplet ‘Taylor cone’ is formed at the syringe tip. [11]
The droplet is further elongated due to electrostatic forces, thus resulting in
evaporation of the solvent and the formation of solidified nanofibers, which are
usually collected randomly on grounded static/rotating mandrel collector substrates.
Although the electrospinning process is simple, various instabilities, such as the
Rayleigh instability, axisymmetric instability, and whipping/bending instability,
make it very complex to control the diameter and morphology of nanofibers for use
in potential applications. There have been various reports that illustrate the optimized
conditions of the various parameters that affect the fiber diameter and
morphology.[12,13] The parameters include applied voltage, viscosity and
concentration of the solution, flow rate of the pump, syringe tip-to-target/collector
distance and relative humidity.

Figure 3.3. Potential applications of the electrospinning derived nanofibers. [8]
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Figure 3.4. Schematic representation of the electrospinning technique. [8]
3.3.2.2. Experimental Parameters for Fiber Formation
Nanofiber formation by the electrospinning method depends on the optimized values
of different parameters, which are classified as solution parameters, process
parameters, and ambient parameters. Nanofibers with various morphologies and
assemblies can be produced by tuning these parameters.
Processing parameters
Although electrospinning is a relatively facile synthesis method, there are multiple
external parameters that can greatly affect fiber formation and morphology. These
parameters include applied electrical potential, solution flow rate, the temperature of
the solution, the diameter of the syringe needle, the tip of the syringe to collector
distance, and movement of the collector screen.
Solution parameters
In addition to processing parameters and ambient parameters, solution parameters
have a significant influence on the fiber formation and morphology. The solution
parameters are solution concentration, surface tension, solvent volatility, solvent
dielectric effect and solvent conductivity/surface charge density. The surface tension
is an important parameter that needs to be optimized to minimize the level of bead
formation along the fiber. The viscosity of the solution and its electrical conductivity
will influence the extent of stretching of the electrospinning solution, which will
directly influence the resulting fiber formation. On the other hand, system parameters
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include molecular weight, molecular weight distribution and architecture (branched
or linear etc.,) of the polymer used in the preparation of electrospinning solution.
The formula that calculates the diameter of the fiber (ht) formed based on the above
parameters is given as follows. [14]
𝑄2

ℎ𝑡 = (𝛾𝜀 𝐼2

2

)1/3

(3.1)

𝜋(2𝑙𝑛𝜑−3)

Typical electrospinning parameter values:
Electric potential ε: 5-30 kV
Flow rate Q: 0.2-15 ml h-1
I: Electric current
𝜑: Dimensionless parameters of instability
γ: Surface tension
Ambient parameters
The exposure of electrospinning set-up to the surroundings may have an impact on
the fiber diameter and morphology. These surrounding conditions include
temperature, humidity, and type of atmosphere, pressure, and air velocity in the
chamber. For example, pores are formed on the surface of electrospun fibers because
of huge variations in the humidity level. [15] Furthermore, humidity in the
surroundings of the electrospinning set-up determines the rate of evaporation of
solvents in the electrospinning solution.[16] In addition, the fiber formation process
is influenced by the proportion of air in the electrospinning atmosphere and pressure
in the closed electrospinning set-up.[17]
Beyond the above parameters, the type of electrospinning process can significantly
affect the nanofiber assembly. [8] These factors include a selection of nozzle types,
such as single, single with emulsion, side-by-side, or coaxial nozzles. Table 3.2
briefly describes the influence of various parameters on the fiber diameter and
morphology. Another notable factor in the electrospinning process is the type of fiber
target collector used. Generally, aluminium foil is used as the collector substrate, but
due to difficulty in collecting fibers from aluminium substrate, or alternatively, based
on the requirements for multiple applications, different collector substrates, such as
conductive paper, conductive cloth, wire mesh, pins, parallel or gridded bars, rotating
rods, rotating wheels, blade-cage systems, etc., have been employed. [13, 18-21]
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Additionally, multiple spinnerets are designed for high-through-put and for thick
nanofibrous mats. [22]
Table 3.2. The various parameters impact on the fiber diameter and morphology. [8]
Parameters

Influence on fiber diameter and morphology

Processing parameters
Applied voltage

Decrease

in

increasing

fiber

diameter

with

electric

potential

and

possibility of beads at low voltage. [14]
Flow rate

Decrease in flow rate results in less
fiber diameter and beads are formed at a
very high flow rate. [13]

Temperature

The higher the temperature of the
solution, the more uniform the fiber
diameter is. [15]

The diameter of syringe needles

The smaller the needle diameter, the
greater the reduction in fiber diameter,
clogging, and a number of beads. [17]

Tip to Collector Distance

Formation of beads at two extreme
distances and minimum distance needs
to be optimized for bead-free fibers.[23]

Type of collector

Fiber alignment is possible with the
rotating collector. [24]

Solution parameters
Surface tension

Varies with type of material used. [25]

Concentration

Increase in fiber diameter with an
increase in concentration. [26]

Viscosity

No continuous fiber formation with low
viscosity and problem in the ejection of
jets

for a high

viscous solution.

Optimization of solution viscosity is
required. [15]
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Conductivity

Decrease

in

fiber

diameter

with

increasing conductivity. [13]
Ambient parameters
Temperature

Decrease

in

fiber

diameter

with

increasing temperature. [13]
Humidity

Increase in the depth of pore and
formation of pores on the surfaces of
fibers increase with high humidity. [13]

Pressure

Pressure in the closed set-up is below
atmospheric

pressure,

and

hence

electrospinning is not possible. [23]

3.3.3. Spray-drying Method
The spray-drying method is the well-used commercial process for the production of
dry powder from a liquid or slurries paste by frequently drying it with a hot gas and
resulting in the production of hollow or spherical particles in the micrometer scale.
This is a mass production technique and thus frequently employed in the industries
and also largely employed in the preparation of battery materials.

3.4. Physical Characterization Techniques
3.4.1. X-ray Diffraction
X-ray diffraction (XRD) is a simple and essential experimental tool for
characterizing the crystallography of materials using the diffraction of X-rays by the
powdered samples. When these X-rays are exposed to the specimen, diffraction
patterns in the electromagnetic radiation are generated corresponding to the periodic
lattice found in crystalline structures. The scattered X-rays finally combine to form
constructive interference, which is represented by Bragg’s law:
2dsinθ = nλ

(3.2)

where d: the distance between lattice planes
λ: the X-ray wavelength of the incident beam
n: any integer
θ: the angle of incidence with the lattice plane
The crystal size of the materials can be evaluated as per the Scherrer formula below:
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𝐾𝜆

𝐷 = 𝛽𝑐𝑜𝑠𝜃

(3.3)

where K: the shape factor of the average crystallite (ideal value: 0.9)
λ: X-ray wavelength of the incident beam
β: full width at half maximum of the peak
2θ: the peak position (˚)
All the materials prepared in this doctoral thesis were characterized using a GBC
MMA diffractometer (with Cu Kα radiation, λ = 1.54 Å) at the University of
Wollongong, Australia.

3.4.2. Scanning Electron Microscopy
A scanning electron microscope (SEM) is one type of electron microscope, which
can characterize the topological features of the specimen by producing images
through the scanning the specimen with a focused beam of electrons in the energy
range from 0.2 to 40 keV. The electrons in the focused beam interact with atoms of
the specimen, which results in the generation of signals providing information on the
specimen’s topographical features with a resolution of more than 1 nm. The general
SEM mode in various applications involves detection of secondary electrons emitted
by specimen atoms upon excitation by the focused electron beam. The collection of
secondary electrons results in very high-resolution images of the specimen surface
topography. The morphological features of the samples prepared in this thesis work
were characterized with a field-emission scanning electron microscope, a JEOL 7500
at the Electron Microscopy Centre, University of Wollongong, Australia.

3.4.3. Transmission Electron Microscopy
Transmission electron microscopy (TEM) is one of the most advanced and
sophisticated microscopy techniques, which uses a high voltage beam of electrons
(from tungsten filament or lanthanum hexaboride source) that passes through the
ultra-thin specimen with the simultaneous interaction with specimen and achieves
higher resolution images (than light microscopes) that can illustrate morphology,
provide identification of chemicals, and identify crystallographic features (crystal
orientation and lattice spacing) and electronic structures. Such high-resolution
imaging is due to the small de Broglie wavelength of electrons and is capable of
imaging a single column of atoms i.e., lattice spacing. TEM finds its applications in
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various fields such as cancer research, biology, nanotechnology, and materials
science. A TEM is composed of various components, such as a vacuum system with
a beam of electrons traveling from the emission source in streams through
electromagnetic lenses and electrostatic plates, past devices to alter the position of
specimen holder, and finally through the image generating system. Based on the
particular requirements, this TEM system can be modified by adding additional
devices. For example, TEM can be converted to a scanning transmission electron
microscope (STEM) by integrating detectors and a device that can raster the beam
across the specimen to generate an image. Similarly, selected area electron
diffraction (SAED) is another experimental feature of TEM, which can evaluate the
crystallographic phase of the specimen material. The specimen stage design for TEM
consists of airlocks for insertion of the specimen holder into the vacuum chamber
and balancing the pressure with other devices/parts in the microscope. The TEM
sample preparation in this thesis work was performed by dispersing the material in
ethanol and loading the suspension onto to a TEM Cu grid with a supportive holy
carbon film. The ideal TEM grid is a disc around 3.05 mm in diameter with a
thickness of a few µm and meshes size of 100 µm. The TEM employed in this thesis
work was a TEM, JEOL 2011, 200 keV at the University of Wollongong, Australia.
Elemental mapping of the materials was obtained using a JEM-2100F with an
attached X-ray spectrometer.

3.4.4. Energy Dispersive X-ray Spectroscopy
Energy dispersive X-ray spectroscopy (EDS) is one of the analytical techniques used
to investigate the chemical composition and elemental analysis of a material from the
information obtained from the interaction of X-rays with the material. The primary
components involved in the EDS system are the beam of electrons, the X-ray
detector, the pulse processor, and the analyzer. The characteristic principle behind
EDS is that there is a unique atomic structure of each element in the periodic table
corresponding to the unique set of peaks in its X-ray emission spectrum. The EDS
characterization performed in this thesis work was coupled with SEM and TEM.

3.4.5. Thermogravimetric Analysis
Thermogravimetric analysis (TGA) results in the information regarding the chemical
and physical changes associated with the samples over variation in the temperature
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or as a function of time at constant temperature. In this thesis research work, TGA is
employed to evaluate the thermal stability of the prepared cathode materials over the
range of temperature from 50 to 1000 ˚C. The TGA machine used in this thesis was a
Mettler Toledo TGA/DSC1, Switzerland at the University of Wollongong, Australia.

3.4.6. Brunauer-Emmett-Teller Surface Area Analysis
The Brunauer-Emmett-Teller (BET) surface area analysis depends on the principle of
gas absorption of the surface of solid-state materials. The experiment is performed
using liquid nitrogen temperature (77 K) at various relative pressures. The samples
are degassed prior to the analysis to provide consistent and accurate results. In
addition, using Barrett-Joyner-Halenda (BJH) desorption method, pore size
distributions of the samples can be determined from the isotherms resulting from
BET analysis. The BET measurements were performed on a Quantachrome Nova
1000 at the University of Wollongong, Australia.

3.4.7. X-ray Photoelectron Spectroscopy
X-ray photoelectron spectroscopy (XPS) is a material/sample surface analysis
method that can be used to identify the elemental composition, empirical formula,
oxidation state, and electronic state of the elements present in the material. An XPS
spectrum provides collective information obtained when the beam of X-rays hits the
material and the electrons that are ejected from the material’s surface range of 0-10
nm are counted, together with a simultaneous measurement of their kinetic energy.
Elements are mapped in the obtained XPS spectrum as per the respective binding
energies corresponding to electrons in their orbitals. In addition, the electronic states
and the ratio of the various electronic states of the elements can be obtained from the
spectrum. In this thesis work, the samples are first etched using argon before XPS
analysis and further depth profiling. An XPS, a Kratos Axis Ultra spectrometer with
Al Kα radiation, hν = 1486.71 eV was used in this work.

3.4.8. X-ray Absorption Spectroscopy
X-ray absorption spectroscopy (XAS) is a technique that is commonly used to
elucidate the local geometric and/or electronic structure of materials using
synchrotron radiation as a source for intense and tunable X-ray beams. The material
samples for this XAS analysis can be in various forms, solid, liquid, and gaseous.
XAS spectra are collected by varying the photon energy using crystalline
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monochromators to the value of the photon energy (0.1 - 100 keV) where the core
electrons of the respective elements are excited. The names of the edges i.e. K-, L-,
and M- of a particular element depend on the excitation of core electrons
corresponding to the principal quantum numbers 1, 2, and 3. X-ray absorption near
edge structure (XANES) is one of the types of absorption spectroscopy that further
illustrates the features of solid-state materials from XAS data with an identification
of electronic transitions from an atomic core level to final states in the energy region
(50 - 100 eV). In this thesis work, Fe and Mn K-edge XANES spectra were collected
using the XAS beamline at the Australian Synchrotron.

3.4.9. Raman Spectroscopy
Raman spectroscopy was founded by the Indian scientist Sir C.V. Raman and is a
spectroscopic technique used to observe vibrational, rotational, and other lowfrequency modes in a system. As vibrational information is specialized to the
chemical bonds and symmetry of molecules, hence Raman spectroscopy is widely
used in chemical sciences. In a Raman spectrometer, laser light interacts with
molecular vibrations, phonons, or other excitations, resulting in the energy of some
laser photons being shifted up or down. The shift in energy gives information about
the phonon modes in the system. In this doctoral work, Raman spectra were collected
using a JOBIN Yvon Horiba Raman 57 Spectrometer model HR800 at the University
of Wollongong, Australia.

3.4.10. In-situ Neutron Powder Diffraction
Neutron powder diffraction (NPD) is a diffraction technique that uses neutron
scattering to identify the atomic structure of a material. One of the important factors
associated with enhancement of the electrochemical performance of a material is
achieving an understanding of its structure/phase transitions during charge carrier
intercalation and de-intercalation processes. Although NPD is similar to XRD, NPD
has the advantage of identifying lighter elements such as lithium and oxygen in the
presence of heavier atoms. This feature allows the measurement of the proportion of
lithium and its location in the electrodes during electrochemical cycling. In addition,
NPD can generate high-intensity signal contrast of side-by-side elements on the
periodic table. Complete understanding of the behavior of electrode materials can be
obtained only by investigating the transitions in electrode materials inside functional
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batteries via neutron scattering. This NPD set-up with a functional battery is widely
called in-situ or operando NPD, as shown in Figure 3.5. The main purposes of in-situ
NPD are determining the reaction mechanism and variations in the lattice parameters
of the electrode materials, and identification of the redox couples involving during
charge carriers’ intercalation and de-intercalation in fully functional batteries. [27,
28] In this doctoral work, a custom-made stacking-based pouch-type full-cell battery
(see Figure 3.6) was employed for in-situ NPD at the WOMBAT facility at the
Australian Nuclear Science and Technology Organisation (ANSTO), Australia.

Figure 3.5. Experimental set-up for in-situ neutron powder diffraction studies on the
battery systems at the WOMBAT facility at ANSTO, Australia. [27]

Figure 3.6. The design of pouch-type full-cell for in-situ neutron powder diffraction
studies. (a) Schematic diagram of parallel stacking of cathode, an anode, and
separator, (b) assembled electrodes and separator, and (c) final full-cell sealed in Al
pouch. [27]
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3.4.11. In-situ Synchrotron X-ray Powder Diffraction
Synchrotron X-ray powder diffraction (SXRD), uses X-rays that are emitted by
electrons and ions that are accelerating at almost the speed of light when their paths
are varied by applied magnetic field. These high-resolution synchrotron X-rays can
identify and refine exact structural features of complicated materials from powder
samples. There are various advantages of SXRD when compared to traditional XRD,
such as high flux, high resolution, high signal-to-noise (S/N) ratio, good time
resolution, high angular resolution, and energy resolution because of the convenient
d-spacing range, narrow peak width, and sample shape. The SXRD monochromatic
X-rays source can be optimized as per the requirements of applications, such as the
capability to penetrate through bulky sample coin cells without any hindrances.
Further, in-situ SXRD is an efficient tool for evaluating the performance of
electrodes and their reaction mechanisms during battery charging and discharging.
The experiments in this thesis work use custom-made CR2032 type coin-cells with
holes on their positive and negative caps, and spacer as shown in Figure 3.7. The
holes on these caps are covered with Kapton tape, and coin cells are assembled in a
conventional procedure. This assembled cell with transparent windows on the either
side is mounted on the sample holder connected to a battery tester (see Figure 3.8a),
and the synchrotron X-ray beam is passed through the sample cell (Figure 3.8b). The
periodical X-ray patterns are collected during coin-cell charging and discharging.
This process gives real-time insights into the structural and chemical evolutions of
the electrode materials and could pave the way to further developments in battery
materials. [29-31] In this thesis work, in-situ SXRD was conducted at the by SXRD
facility at the Australian Synchrotron.

Figure 3.7. Typical CR2032 type coin-cell accessories with holes on positive and
negative caps and spacers for an in-situ synchrotron X-ray powder diffraction
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experiment. [30] Reproduced by permission of Taylor & Francis LLC
(http://www.tandfonline.com).

Figure 3.8. (a) Coin-cell designed for in-situ synchrotron X-ray powder diffraction
mounted on the sample holder, and (b) schematic diagram of stacking arrangement of
in-situ coin-cell parts and direction of incident synchrotron X-ray beam. [29, 30]
Figure 3.8a was reproduced by permission of Taylor & Francis LLC
(http://www.tandfonline.com).

3.5. Electrochemical Characterization Techniques
3.5.1. Electrode Preparation and Coin-type Half-cell Configuration
Assembly
The working electrodes (cathode and anode) were prepared by mixing the prepared
active material with a conductive additive consisting of 10-15 wt.% Super P or
acetylene black and a binder, 5 wt.% sodium carboxymethylcellulose (CMC) or
polyvinylidene fluoride (PVDF), in a solvent of distilled water or N-methyl-2pyrrolidone (NMP), respectively. The resultant viscous semi-solid slurry was coated
onto aluminum and copper foils for the cathode and anode, respectively, using the
doctor blade technique. The thus-obtained electrodes were dried at 120 ˚C overnight
in a vacuum oven. The dried electrodes were subjected to hydraulic pressing using a
rolling machine to achieve better contact between the active material, carbon black,
binder, and substrate, which acts as the current collector. The electrodes were cut
into 1 × 1cm2 sizes, with an average loading rate of the active material of 1.5 - 4 mg
cm-2. Later, the electrodes weight was measured, and the electrodes were dried again
under vacuum at 80 ˚C for 2 h to remove any possible moisture content.
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Subsequently, the dried electrodes were shifted to an argon-filled glove box
(Mbraun, Unilab, Germany; O2, H2O level < 1 ppm), and CR2032 coin-type half
cells were assembled by the stacking method, as shown in Figure 3.9, with lithium
(or sodium) foil as a counter electrode for LIBs and SIBs, respectively, with Celgard
polypropylene membrane and porous glass fiber as separators. The electrolytes
employed for LIBs were 1 M LiPF6 in ethylene carbonate/diethyl carbonate
(EC/DEC) (1:1) and 1.15 M LiPF6 in EC/dimethyl carbonate (DMC)/DEC (3/4/3),
whereas SIBs had 1 M NaClO4 in propylene carbonate (PC) as the electrolyte, with 2
wt. % fluoroethylene carbonate (FEC) as an additive.

Figure 3.9. Schematic diagram of the sequential assembly of the CR2032 coin cell.
[32]

3.5.2. Galvanostatic Charge - Discharge
The charge and discharge capacity values with the Coulombic efficiency and the
cycling performance of the electrodes based on newly prepared materials and
reference materials were determined using battery testers with a galvanostatic charge
- discharge option at constant current. The capacity values (C) can be calculated
using a simple formula:
C=I×t

(3.4)

where, I is the applied current in amps (A)
t is the charging and discharging time in seconds (s)
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On the other hand, rate performance was studied using the same battery testers in
constant voltage mode with varied current densities over a number of cycles. All
these electrochemical coin cells were tested at room temperature using a Land
battery tester at ISEM, University of Wollongong, Australia.

3.5.3. Cyclic Voltammetry
Cyclic voltammetry (CV) is one of the key potentiodynamic electrochemical
measurements to investigate the thermodynamics and kinetics of charge carriers at
the interface between the electrode and the electrolyte. In this experiment, the
working electrode potential is ramped linearly vs. time, and the respective current is
noted. The CV curve is a function of current value vs. potential. During
electrochemical redox reactions, distinct peaks are evolved during both the forward
and reverse scans due to the current changes. One of the main parameters of CV is
the scan rate, and this is a function of time and the potential difference. The Randles
- Sevcik equation illustrates the relationship between the anodic/cathodic peak
current (Ip) and the scan rate:
Ip = (2.69 × 105)n2/3ACD1/2v1/2

(3.5)

where, n is the number of moles of electrons involved in the electrochemical reaction
A is the area of the electrode in cm2
C is the bulk concentration of the redox species in mol cm-3
D is the diffusion coefficient in cm2 s
v is the scan rate in V s-1
In this doctoral work, the CV was performed using a Biologic VMP-3
electrochemical workstation at ISEM, University of Wollongong, Australia.

3.5.4. Electrochemical Impedance Spectroscopy
Electrochemical impedance spectroscopy (EIS) is an important experimental method
to evaluate the possible inherent impedances in energy storage devices. EIS
measurements are usually carried out over a range of frequencies in two different
modes, potentiostatic (PEIS) and galvanostatic (GEIS). A typical EIS Nyquist plot
consists of a low-frequency semi-circle and a high-frequency tail. An ideal PEIS
plot, which is a sine wave around potential (E), consists of a low-frequency semicircle and a high-frequency tail corresponding to the kinetic and diffusion processes,
respectively. On the other hand, the GEIS measurement is similar to the PEIS,
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although the current is constant unlike in PEIS. The typical EIS Nyquist plot
behavior for battery systems is illustrated in Figure 3.10. In this doctoral work, PEIS
Nyquist plots were collected on a Biologic VMP-3 electrochemical workstation at
ISEM, University of Wollongong, Australia.

Figure 3.10. Electrochemical impedance spectroscopy Nyquist plot of lithium-ion
battery and the significance of various sections of the plot. [33]

Note: A part of the version of this chapter has been published and the citation of the
paper is below.
S. Kalluri, K.H. Seng, Z. Guo, H.K. Liu, and S.X. Dou, RSC Advances 2013, 3,
25576 - 25601.
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CHAPTER 4. ONE-DIMENSIONAL NANOSTRUCTURE OF
Li1+x(Ni1/3Mn1/3Fe1/3)O2 AS A DUAL CATHODE MATERIAL FOR
LITHIUM-ION AND SODIUM-ION BATTERIES
4.1. Introduction
In the recent years of fossil fuels becoming extinct, today’s alternative renewable
energy is being generated from the sunshine and cool winds by solar energy plants
and windmills, respectively. [1-4] Energy storage devices are required to store such
energy and lithium-ion batteries (LIBs) discovered by the Sony Corporation in 1991
are commercially successful in portable applications such as mobile phones, laptops
computers, etc. They could also be possible candidates for applications such as EVs
and electrical grids. [5-7] The traditional and commercial LIBs contain layered
lithium cobalt oxide (LiCoO2) and graphite as cathode and anode material,
respectively.[8, 9] Nevertheless, LiCoO2 suffers from the expensive Co, and its
toxicity and lack of environmental friendliness. [10] Therefore, further optimization
of LIBs, as per the large-scale commercialization needs of EVs and electrical grids,
requires designing cathode materials to have not only better energy and power
densities, combined with thermal safety, eco-friendliness and low-cost; but also
excellent electrochemical properties such as cycle life and fast charging capability.
Consequently, various research groups have been focused on research in different
types of cathode materials, from layered structures to spinels and phosphates, such as
LiMO2 (M = Co, Mn, Ni, etc.), LiNi1-x-yCoxMnyO2, LiMn2O4, and LiFePO4, for their
possible application as battery cathode materials in EVs, however, suffer from their
respective intrinsic problems such as structural instability, Mn dissolution, poor rate
performance, low electronic conductivity, and poor cycle performance.[11-20] To
address these problems, various experimental approaches have been attempted, such
as cation substitution for Ni and Mn in layered structure compounds by foreign
metallic ions such as Co, Al etc., along with different synthesis routes under
optimized conditions for better electrochemical performance of these materials as a
cathode in LIBs. [21-25] Due to the significant synergic effects of Ni and Mn in the
composition, costly and toxic ‘Co’ could be replaced by the low-cost and ecofriendly Fe element in the composition, although at the expense of relatively low
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capacity values.

For

example, Karthikeyan

et

al.

successfully prepared

LiMn1/3Ni1/3Fe1/3O2 material with a nanoparticle size of ~200 nm by the coprecipitation method, but it, unfortunately, delivered a poor capacity value of ~30
mAh g-1 at 0.5 C, which could be due to not only the inherent conducting nature of
the material, but also possibly the electrolyte composition and its compatibility with
the material, or the synthesis technique. Notably, the nanostructure of the material
can never be ignored. [26, 27]
One-dimensional (1D) nanostructures by electrospinning method have been proved
to be appealing candidates for battery applications with better performance due to
their peculiar properties, such as resistance to self-agglomeration, improved wellguided charge transfer kinetics and high specific surface area. [28-36] Herein, I have
made an attempt to fabricate LiMn1/3Ni1/3Fe1/3O2 nanofibers by electrospinning. In
addition to LIBs, sodium-ion batteries (SIBs) also, can be a great competitor for
specific

applications

such

as

electrical

grids,

because

of

their

similar

electrochemistry with 0.3 V less redox potential than that of Li, eco-friendliness and
most importantly the low-cost of sodium. [37] Considering these interesting features
of SIBs, the aforementioned cathode material has been used for the both LIBs and
SIBs to investigate the possible impact of its 1D nanostructured design on the dual
functionality of LiMn1/3Ni1/3Fe1/3O2 cathode for both battery technologies as
illustrated in schematic Figure 4.1.

Figure 4.1. Schematic illustration of the application of LiMn1/3Ni1/3Fe1/3O2
nanofibers as a cathode material in lithium-ion and sodium-ion batteries.
89

Chapter 4 One-dimensional Nanostructure of Li1+x(Ni1/3Mn1/3Fe1/3)O2 as a Dual
Cathode Material for Lithium-ion and Sodium-ion Batteries

4.2. Experimental Methods
4.2.1. Fabrication of LiMn1/3Ni1/3Fe1/3O2 nanofibers
The LiMn1/3Ni1/3Fe1/3O2 nanofibers were prepared by a sol-gel assisted
electrospinning technique. The starting solution for the electrospinning was prepared
from 0.2 g LiNO3, 0.23 g Mn(CH3COO)2, 0.24 g Ni(CH3COO)2, and 0.39 g
Fe(CH3COO)2 (Sigma-Aldrich) in an adequate amount of ethanol (7.5 mL) and N,
N-dimethyl formamide (2.5 mL). 20% excess LiNO3 was added to form
Li1+x(Mn1/3Ni1/3Fe1/3)O2. After thoroughly stirring for an hour, 9 wt. %
polyvinylpyrrolidone (PVP, 1,300,000 g mol-1, Sigma-Aldrich) was used as the
binder polymer for the electrospinning process and mixed with the resultant
precursor solution. The resultant solution was stirred overnight and 10 ml of viscous
precursor solution was thus obtained, which was fed into a plastic syringe with a 21G
(gauge) stainless steel needle. An electrospinning unit (NanoNC, South Korea) was
used to fabricate the precursor nanofibers with optimized processing and solution
parameters: applied potential: 20 kV, tip to target distance (TCD): 13 cm, flow rate:
0.9 ml h-1, and relative humidity (RH): 29 - 33%. The electrospinning process was
carried out for 8 h continuously under ambient temperature conditions in a dry room,
and the precursor nanofibrous sheets were thus obtained, which were vacuum dried
at 120 ̊C for 3 h, followed by a step-wise calcination process: 1 ˚C min-1, 350 ˚C, 2 h;
2˚C min-1, 500˚C, 2 h; and 3 ˚C min-1, 900 ˚C, 4 h in industrial oxygen atmosphere.
The step-wise calcination process was employed to retain the 1D structure of
precursors fibers from collapsing during heat-treatment. It is evident from our
previous experiments that the sudden raise in temperature resulted in damaging of
1D structure. The obtained LiMn1/3Ni1/3Fe1/3O2 nanofibers (LMNFO NF) were 1D
nanostructure free from binder polymer and organic residues, and such nanofibers
were beneficial for improving Li/Na-ion diffusion and electronic conductivity during
the electrochemical cycling. [32]

4.2.1. Preparation of LiMn1/3Ni1/3Fe1/3O2 nanoparticles
The LiMn1/3Ni1/3Fe1/3O2 nanoparticles were prepared from the same precursor salts
using a one-pot sol-gel process. The stoichiometric precursor solution (as shown
above) was prepared and was first dried in a vacuum oven at 120 ̊C for 12 h,
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followed by a simple and one-step calcination process at 900 ̊C for 4 h in an
industrial oxygen atmosphere. Thus, LiMn1/3Ni1/3Fe1/3O2 nanoparticles (LMNFO NP)
were obtained.

4.3. Materials Characterization
Rietveld refinement profiles using X-ray diffraction (XRD) of the LMNFO NF and
LMNFO NP are shown in Figure 4.2a, b, respectively and the refinement was
performed using Fullprof with visualization in WinplotR. [38-40] The XRD data of
the two samples appear very similar, indicating that the phase compositions are
close. The main phase was modeled using a modified α-NaFeO2 structure with the R
3 m space group, [41] and the second phase could be indexed using a C2/m phase,

[42] which we ascribe to a Li-rich component Li2MnO3. The phase fraction of the R 3
m and C2/m phases are also similar (80:20 wt. %) in the two samples. The two
layered compounds are structurally integrated at the atomic level, helping in structure
stabilization especially during lithiation and delithiation, as suggested by the
literature. [43-46] The refined structure of the R 3 m phase is summarized in Table
4.1. Similarly, large differences in the R 3 m phase (003) (at ~18.5°) and (104)
(~43.7°) reflection intensities are observed in both samples, suggesting that the main
phase is a layered structure with a high level of cation mixing, 26-28% in Li/Ni as
determined by refinement analysis. Hence, the true composition of the cathode
material can be represented by Li1+xMO2 (M = Li, Ni, Mn, Fe) or a composite
containing a stabilizing component Li2MO3 (M = Ni, Mn, Fe) and an
electrochemically active component (Li~0.72Ni~0.28) (Li~0.28Ni0.05Mn1/3Fe1/3)O2 with
high level of Li/Ni cation mixing. The cation-mixing is planned and suppose to
promote the cycling stability, by limiting the number of intercalating and deintercalating lithium ions (charge carrier). The existence of Li2MO3 (M = Mn, Ni, Fe)
and cation mixing between Li/Ni are supposed to be greatly useful in improving
cycling stability. Overall, the structures and atomic arrangement of the R 3 m are
similar for the two samples, as shown in Table 4.1. These similarities allow us to rule
out the effects of phase compositions and crystallographic arrangement of the
samples when doing the comparison of the NF and NP particles in terms of
electrochemical performance. On the other hand, the lattice parameter a of the NP
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sample is larger, but the lattice parameter c is smaller than those of the NF sample.
Moreover, the crystallite size of NF (19.6 nm) is significantly smaller than that of the
NP sample (26.3 nm). The smaller lattice parameter a and the smaller crystallite size
suggest that the NF sample has better lithium diffusivity and hence, greater ionic
conductivity, resulting in better capacity and rate performance.

Figure 4.2. XRD Rietveld refinement profiles of (a) LMNFO NP and (b) LMNFO
NF.
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Table 4.1. Rietveld refinement parameters of LMNFO NP and LMNFO NF
corresponding to 𝑅3𝑚 phase group.
Li(Ni1/3Mn1/3Fe1/3)O2 – NP
space group = 𝑅3𝑚
a = b = 2.9224(2) Å
c = 14.359(3) Å
Atoms Site x y

z

Atomic displacement parameter

Site occupancy

(Å2)
Li1

3b

0 0

0.5

2.5(4)

0.72(1)

Ni1

3b

0 0

0.5

2.5(4)

0.28(1)

Li2

3a

0 0

0

0.8(2)

0.28(1)

Ni2

3a

0 0

0

0.8(2)

0.05(1)

Mn2

3a

0 0

0

0.8(2)

0.33

Fe2

3a

0 0

0

0.8(2)

0.33

O1

6c

0 0 0.2563(6)

1.5(2)

1

Li(Ni1/3Mn1/3Fe1/3)O2 – NF
space group = 𝑅3𝑚
a = b = 2.9211(2) Å
c = 14.368(3) Å
Atoms Site x y

z

Atomic displacement parameter

Site occupancy

(Å2)
Li1

3b

0 0

0.5

2.7(4)

0.74(1)

Ni1

3b

0 0

0.5

2.7(4)

0.26(1)

Li2

3a

0 0

0

2.1(2)

0.26(1)

Ni2

3a

0 0

0

2.1(2)

0.07(1)

Mn2

3a

0 0

0

2.1(2)

0.33

Fe2

3a

0 0

0

2.1(2)

0.33

O1

6c

0 0 0.2577(6)

2.4(2)

1
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Figure 4.3a presents an SEM image of the well-interconnected, morphologically
stable, as-spun precursor fibers with an average diameter of ~ 475 nm, as shown in
Figure 4.3c and with the further step-wise calcination process, the binder polymer
(PVP) and organic moieties from the precursor salts are decomposed, resulting in a
decrease in the diameter of LMNFO NF (Figure 4.3b) to an average diameter of ~
200 nm (Figure 4.3d). Careful observation of LMNFO NF reveals the ordered
stacking as a chain of nanocrystallites along the unidirectional growth direction of
the nanofibers, as shown in the inset of Figure 4.3b. For the baseline reference,
LMNFO NPs were prepared by the conventional sol-gel method with an average
particle size of ~ 100 nm, as shown in Figure 4.4.

Figure 4.3. SEM images of (a) as-spun precursor fibers (inset: precursor nanofibrous
mat), (b) LMNFO NF after calcination (inset: high-resolution image of NF), (c)
diameter size distribution of as-spun precursor nanofibers, and (d) diameter size
distribution of LMNFO NF (after calcination).
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Figure 4.4. (a) SEM image of LMNFO NP and (b) corresponding particle size
distribution.
To reveal the secondary structure and crystallinity of the material, the as-prepared
LMNFO NFs were characterized by HR-TEM. Figure 4.5a shows an HR-TEM
image of LMNFO NF with nanocrystallites as secondary structures, which are joined
together sequentially in an unidirectional fashion to form the hierarchical nanofibers,
which is in good agreement with the high-resolution SEM images in terms of their
morphology and secondary structure. Figure 4.5b is an electron diffraction pattern
that reveals the crystalline nature of the material, which features a hexagonal phase.
To confirm this, selected area electron diffraction (SAED) patterns with fast Fourier
transforms (FFTs) were collected from selected region of the high-resolution image,
and the results showed a well-defined hexagonal phase with lattice fringes that had a
regular d-spacing value of 4.1 Å, as shown in Figure 4.5c and its inset, which is in
good agreement with the Rietveld analysis of the XRD data. Furthermore, the
marked spots in the FFT pattern correspond to the (003) and (104) planes of the
LMNFO crystal structure, which are consistent with the lattice fringe d-spacing
values of 4.1 Å and 2.3 Å, respectively. Figure 4.5d presents the energy dispersive
X-ray (EDX) spectrum of LMNFO NF, from which the individual elements Mn, Ni,
Fe, and O can be identified. (Li cannot be detected, as Li Kα is too low; the spectrum
also contains Cu from usage of a Cu grid for the TEM analysis.) Brunauer-EmmettTeller (BET) analysis was performed for LMNFO NF and NP to understand the
influence of the nanostructures on the specific surface area and pore size distribution.
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Apparently, from the corresponding isotherms (Figure 4.6), it is evident that LMNFO
NF features improved values in terms of specific surface area and pore size (78.6 m 2
g-1 and 2 nm, respectively) when compared to those of LMNFO NP (39.2 m 2 g-1 and
5 nm, respectively). This high specific surface area of LMNFO NF can promote good
electrochemical performance in terms of facile ionic diffusion pathways and good
penetration of the electrolyte into such porous material. To evaluate the thermal
stability of both samples, thermogravimetric (TGA) analysis was performed, and the
corresponding curves (see Figure 4.7) confirm the excellent thermal stability of
LMNFO NF and NP over the wide range of temperature from 50-1000 ˚C.

Figure 4.5. (a) TEM image of LMNFO NF with well-ordered stacking of
nanocrystallites (demarcated with red dotted lines); (b) electron diffraction pattern of
LMNFO NF; (c) high-resolution TEM image of single LMNFO crystallite in NF
with lattice fringes corresponding to the (003) plane and lattice d-spacing of 4.1 Å
(inset: FFT pattern of selected area in the image); and (d) EDX spectrum of LMNFO
NF.
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Figure 4.6. N2 adsorption and desorption isotherms of (a) LMNFO NF and (b)
LMNFO NP (insets: pore diameter size distribution of LMNFO NF and LMNFO NP,
respectively).

Figure 4.7. TGA curves of LMNFO NF and LMNFO NP.
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4.4. Electrochemical Characterization
The LMNFO NF and LMNFO NP samples were electrochemically characterized by
measuring their Galvanostatic and potentiostatic curves using an automatic battery
cycler and electrochemical workstation, respectively. The assembled coin-cells in
half-cell configuration were electrochemically tested in a voltage window of 2 - 4.5
V in order to avoid unnecessary degradation reactions associated with carbonate
based electrolytes at high voltage. All electrodes of both NFMO NF and NP samples
were maintained with an average loading rate of the active material 1.5 ± 0.05 mg
cm-2. It is important to note that all electrochemical studies were performed with Lifoil (or Na-foil) as a counter electrode to test the compatibility of LMNFO cathode in
LIBs (or SIBs). Figure 4.8a shows Galvanostatic charge-discharge curves of
LMNFO NF and LMNFO NP measured at 0.1 C vs. Li. They delivered an initial
specific discharge capacity of ~109 mAh g-1 and ~ 96 mAh g-1, respectively, and
retained the specific discharge capacity of ~ 87 mAh g-1 and ~ 62 mAh g-1,
respectively, after 100 full charge-discharge cycles under the same experimental
conditions. The uniform charge - discharge curves appear the same, as reported
elsewhere, [26, 27] presenting the characteristic feature of layered structures with a
single phase reaction and the correlation is illustrated as follows. The constant
plateau around 3.7 V during charging from open circuit voltage corresponds to
oxidation of Ni with Ni2+/Ni3+/Ni4+ redox couples, which is also evident from the insitu neutron diffraction studies on an LMNFO cell (chapter 5). [47] Further, it is
assumed that Mn oxidation couldn’t take place or be involved in the
electrochemistry, however, further observations on Mn redox couples are explained
in the cyclic voltammetry section. During discharge, as there is no plateau observed
around 4 V (originated by the partial occupation of the transition layers of the αNaFeO2 type structure by the Fe ions), it implies that the Fe3+/Fe4+ redox couple did
not take place and instead, the stability of the layered crystal structure during Liion/Na-ion intercalation/de-intercalation in the charge-discharge process is facilitated
at the expense of the capacity.[27] The improved capacity values for LMNFO NF
could be attributed to the enhanced ionic conductivity due to the well-guided ionic
transfer pathways during the cycling process and the high specific surface area of
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LMNFO NF. Under the same experimental conditions at the current rate of 0.1 C and
with Na-foil as a counter electrode, LMNFO NF, and LMNFO NP showed an initial
specific discharge capacity of ~88 mAh g-1 and ~74 mAh g-1, respectively, as shown
in Figure 4.8b. The immense compromise in the capacity values (when compared to
the Li ones) could be due to the difficulties in the ionic (Na and/or Li-ion)
intercalation/de-intercalation process during electrochemical cycling because of the 3
times larger mass (23 g mol-1) and larger ionic radius (1.06 Å) of Na when compared
to those of Li (mass: 6.9 g mol-1, ionic radius: 0.76 Å).[37, 48] Considering this
experiment on LIBs and SIBs, there should be a significant impact on the type of
nanostructure on the cycle life of LMNFO in both types of cells. To evaluate the
cyclic stability of LMNFO NF and LMNFO NP in both LIBs and SIBs, assembled
coin cells were tested for 100 full charge - discharge cycles (see Figure 4.8c), and the
results were analyzed. Irrespective of LIB or SIB, surprisingly, there is a significant
influence of the 1D nanofiber morphology on the cycle life of LMNFO, although
with the compromise in the capacity values (in SIBs) as mentioned earlier. In detail,
at a current density of 0.1 C, LMNFO NF samples in LIBs were cycled for 100 full
cycles and thereafter featured excellent cyclic performance, with a specific discharge
capacity of ~98 mAh g-1 and 10 % capacity fading when compared to the
performance of LMNFO NP, with a specific discharge capacity of ~69 mAh g-1 and
27% capacity fading. It seems that the LMNFO cathodes delivered less practical
capacity values, whereas the cyclic performance is somehow acceptable. The
improved cyclic performance is likely attributed to the stabilizing Li2MO3 (M = Mn,
Ni, Fe) component and the limited lithium intercalation by cation mixing.[47] As
shown, there is also an obvious improvement in cycling performance of LMNFO NF,
compared to NP, could be ascribed to the impact of the high surface area, 1D
nanofiber morphology in terms of their well-interconnected network with the
electrolyte, due to their significant wettable properties and better charge transfer
characteristics during the cycling process. It is likely that LMNFO NP suffered from
relatively poor cyclic stability because of its unfortunate self-agglomeration issue
during the cycling process, which resulted in poor physical contact with the current
collector, giving rise to internal resistance in the working cell. Contrary to
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nanoparticles, it is reported that 1D nanostructures such as nanofibers are free from
such self-agglomeration due to their systematic nanocrystallite growth at localized
sites along the direction of the nanofiber structure during the step-wise annealing
process. [49] The same trend in cycling performance is observed in the case of
LMNFO NF and LMNFO NP in SIBs, although with the loss of capacity. It is
evidently worth noting that irrespective of the battery system (either LIB or SIB); the
1D nanostructure morphology could play a key role in the dual functionality of
LMNFO in LIBs and SIBs.

Figure 4.8. (a) & (b) Charge-discharge behaviour of LMNFO NF and LMNFO NP
in LIBs and SIBs, respectively, in the initial cycle and 100th cycle at 0.1 C current
rate; (c) & (d) cycling performance and rate capability of LMNFO NF and LMNFO
NP, respectively, in LIBs and SIBs in the voltage range of 2 - 4.5 V.
To understand the high current operation of LMNFO, rate capability tests were
conducted for both the LMNFO NF and NP samples in LIBs at various current rates
in the range of 0.1 C to 15 C within a voltage window of 2 - 4.5 V, as presented in
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Figure 4.8d. As expected, LMNFO NF showed improved rate performance when
compared to that of LMNFO NP, however, the capacity values are not promising at
the very high rates of 5 C to 15 C i.e., 70 - 40 mAh g-1. With increasing current rate,
the voltage plateau in the charge - discharge curves of both samples steadily
diminishes, which could suggest that there is possible deterioration in the crystal
structure of LMNFO during complicated ionic intercalation/de-intercalation
processes, with corresponding phase transitions and gradual polarization of the
electrodes during successive electrochemical cycles (see Figure 4.9). In the case of
SIBs, LMNFO NF showed a slight improvement in the rate performance when
compared to that of LMNFO NP, however, both electrodes suffered from severe
capacity fading at current rates beyond 0.5 C (Figure 4.8d). This could be mainly
attributable to the fundamental properties of the sodium ion with its larger mass and
inability to shuttle quickly during intercalation/deintercalation processes at relatively
high rates (less shuttle time) during the cycling process.
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Figure 4.9. (a) & (b) Charge-discharge curves of LMNFO NF and LMNFO NP,
respectively at various current rates in LIBs; (c) & (d) Charge-discharge curves of
LMNFO NF and LMNFO NP, respectively, at various current rates in SIBs, in the
voltage range of 2 - 4.5 V.
To investigate the transitions of redox couples, cyclic voltammograms (CVs) were
collected for both LMNFO NF and LMNFO NP in the voltage range of 2 - 4.5 V vs.
Li/Li+ and Na/Na+ in LIBs and SIBs, respectively, at the scan rate of 0.1 mV s-1.
Figure 4.10a shows CVs of both samples in LIBs, where two pairs of redox couple
peaks are observed in both anodic and cathodic sweeps at 4.2 V/3.6 V and 3.2 V/3.2
V, corresponding to Ni2+/Ni4+ and Mn3+/Mn4+ redox reactions. [27, 50] The
oxidation/reduction of Mn ions would be partial as is evident from the low intensity
of the corresponding redox peak when compared to that of Ni ions. This could be
mainly attributed to the presence of the secondary Li2MO3 (M = Mn, Ni, Fe) phase
(~20%), which is electrochemically inactive in the current voltage range and instead
promotes

the

structural

stability

of

the

LMNFO

during

Li/Na-ion

intercalation/deintercalation processes by acting as a stabilization component. It is
important to note that such Li2MO3 (M = Mn, Ni, Fe) phase will be only
electrochemically active at the voltage range > 4.6 V by decomposing into Li2O and
MnO2.[45, 46, 51] On the other hand, Figure 4.10b shows CVs of both samples in
SIBs and repeats the trend found in LIBs with two pairs of redox couple peaks in
both anodic and cathodic sweeps at 3.9 V/4.0 V and 3.2 V/2.9 V, corresponding to
Ni2+/Ni4+ and Mn3+/Mn4+ redox reactions. The difference between the voltage values
of the corresponding peaks in LIBs and SIBs is ~0.3 V, which is obviously due to the
difference in the redox potential values of LIBs (-3.04 vs. Li/Li+) and SIBs (-2.71 vs.
Li/Li+).48 From both Galvanostatic charge-discharge studies and CVs, it is evident
that there is no oxidation/reduction process for the Fe ions in the current voltage
range of tested cells; instead, they could contribute to the structural stability of
LMNFO during the cycling process at the expense of capacity.
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Figure 4.10. Cyclic voltammograms of LMNFO NF and LMNFO NP in the voltage
range of 2 - 4.5 V vs. Li/Li+ (a) and Na/Na+ (b) at 0.1 mV s-1 scan rate.
As observed, the improved cyclic performance of LMNFO NF when compared to
that of LMNFO NP in both LIBs and SIBs could be attributed to numerous aspects
associated with the 1D nanostructure morphology and its structural stability. The
structural stability of such hierarchical nanofibers corresponds to the formation of
LMNFO nanocrystallites at localized sites along the one-dimensional growth
direction of the nanofibers during the heat-treatment process to form LMNFO
nanofibers from those of the precursor, which is clearly represented by the schematic
illustration in Figure 4.11. The secondary structure of nanofibers with the
hierarchical stacking of nanocrystallites is also revealed from SEM and highresolution TEM characterizations. Such a secondary structure in the nanofibers
protects them from possible self-agglomeration during the cycling process. [49, 52]
Such nanofibers with secondary structures can have a better contact area with the
electrolyte during electrochemical charge - discharge behavior and could accelerate
electrochemical behavior. On the other hand, nanoparticles prepared by the sol-gel
process, tend to agglomerate during electrochemical cycling due to their high surface
energy and non-uniform particle size distribution, which tends to impede
electrochemical performance (see Figure 4.12). Conductivity profiles of such
nanostructures vary greatly with their charge transfer mechanism during cycling
processes. Irrespective of the LIB or SIB system, it is anticipated that LMNFO
nanofibers facilitate facile ionic/electronic transmission in well-guided transfer
pathways in one-dimensional fashion (see Figure 4.11) and thus enhance
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conductivity profiles. To further confirm this proposed mechanism, electrochemical
impedance spectroscopy studies were performed for both LMNFO NF and LMNFO
NP in LIBs and SIBs under open circuit voltage and in the frequency range from 100
kHz to 100 mHz. The corresponding impedance Nyquist plot of LMNFO NF in an
LIB shows the charge transfer resistance of 43 Ω, which is lower when compared to
that of LMNFO NP in an LIB (76 Ω) as shown in the Figure 4.13a. In the case of
SIBs (see Figure 4.13b), the same trend is observed, however, the charge transfer
resistance of LMNFO NF is relatively higher (480 Ω), which could be attributed to
the larger ionic radius and mass of sodium ions, and thereby impedes the facile
charge transfer process. By considering the electrochemical performance of LMNFO
NF in both LIBs and SIBs, it is interesting to note that one-dimensional
nanomorphology of LMNFO and crystallographic aspects of stabilization component
Li2MO3 (M = Mn, Ni, Fe) play a key role in retaining the cyclic stability of LMNFO
in either type of cell (LIB/SIB). Further research and development towards the
improving the dual functionality of such kinds of electrode materials in various
energy storage devices are necessary.

Figure 4.11. Schematic representation illustrating the fabrication of LMNFO NF and
proposed charge transfer kinetics in the secondary structure of the nanofibers.
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Figure 4.12. Schematic representation of the self-agglomeration phenomenon in
nanoparticles that occur during cycling and their charge transfer kinetics.

Figure 4.13. Electrochemical impedance spectroscopy Nyquist plots of LMNFO NF
and LMNFO NP in (a) LIBs and (b) SIBs, at open circuit voltage and in the
frequency range of 100 kHz to 100 mHz.

4.5. Conclusions
Low-cost,

eco-friendly,

and

morphologically

stable

Li1+x(Mn1/3Ni1/3Fe1/3)O2

nanofibers were prepared by the electrospinning technique and were used as a
cathode material in both LIBs and SIBs. In both systems, these fibers showed
improved initial capacity values (~109 mAh g-1 vs. Li; ~87 mAh g-1 vs. Na) and good
cycling stability when compared to the performance of nanoparticles, although at the
expense of decreased capacity values in the SIB system. The significant
improvement in electrochemical performance could be attributed to the high surface
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area, well-guided charge transfer kinetics with short ionic diffusion pathways, and
the large effective contact area with the electrolyte during the cycling process. Such
1D nanostructured cathode materials could be the best alternatives to traditional ones
in LIBs or SIBs.
Note: A version of this chapter has been published and the citation of the paper is
below.
S. Kalluri, W.K. Pang, K.H. Seng, Z. Chen, Z. Guo, H.K. Liu, and S.X. Dou, Journal
of Materials Chemistry A 2015, 3, 250 - 257.
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CHAPTER 5. INVESTIGATION OF CRYSTAL STRUCTURE ELECTROCHEMISTRY RELATIONSHIP OF Li1+xMO2 (M = Li,
Ni, Mn, Fe) CATHODE MATERIAL LITHIUM-ION FULL-CELL
via IN-SITU NEUTRON DIFFRACTION
5.1. Introduction
Since the introduction of the first commercial Li-ion battery (LIB) containing
LiCoO2 as the cathode and graphite as the anode by Sony in 1991,[1] the LIB has
become the preferred choice for powering portable electronic devices. Despite a
theoretical capacity of 274 mAh g-1, the practical capacity of LiCoO2 is restricted to
140 mAh g-1 as a consequence of structural stability issues, where only half of the Li
can be removed before the structure decomposes into CoO2.[2-4] Moreover, LiCoO2
has a relatively poor rate capability and contains toxic and expensive Co. The world
Co price is currently determined by LIB demands, and the present and significant
research effort to find some alternative, Co-free cathodes that are environmentallyfriendly with good electrochemical performance is of great global importance. [5, 6]
Ni and Mn have been used to replace Co to form the alternative cathode materials
LiNiO2 and LiMnO2, respectively. [5-7] Although Co-free, these materials are
difficult to prepare and thermally unstable in their charged state. Importantly, to date,
Co-free cathodes have suffered significantly from poor structural stability. [8-13]
Considering the commercial and practical applications, the improvements in cycling
and rate capabilities of a battery are key points, even though, at the expense of
capacity value.[14, 15] Cycle stability and good battery lifetime are achieved
industrially through constraints on the cycle depth,[14, 15] ensuring structural
stability at the expense of capacity, where constraint of the discharge to 40% is
commonplace. Whilst stabilizing the bulk of the cathode, this approach does not
prevent cathode destabilization as a result of local clusters of fully-transformed
material, with the macroscopic lithiation mechanism a significant influence on this.
One method to overcome this is to incorporate redox-inert transition metal centers
into the material, which stabilize the structure during charge-discharge cycling. [16,
17] The mixed transition metal Li(Ni1/3Mn1/3Co1/3)O2, isostructural to LiCoO2 and
reported by Yabuuchi and Ohzuku, is now commercially used.[17] Although Mn and
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Co are electrochemically inert in the active voltage range of Li(Ni1/3Mn1/3Co1/3)O2,
Ni-ions change from Ni2+ to Ni4+ and effectively double the capacity, with the
reversible capacity of this cathode in excess of 200 mAh g-1.[17, 18] The inert redox
centers in Li(Ni1/3Mn1/3Co1/3)O2 make this material more stable than LiCoO2,[16]
although the presence of Co and the relatively poor rate performance of
Li(Ni1/3Mn1/3Co1/3)O2 remain problems. Although mixed transition-metal oxides with
a further reduced amount of Co have been synthesized, such as LiMn0.4Ni0.4Co0.2O2
and LiMn0.42Ni0.42Co0.16O2, [19-21] expensive and toxic Co remains. More recently,
the novel, eco-friendly, and Co-free Li(Ni1/3Mn1/3Fe1/3)O2 was reported, with a
theoretical capacity of 281 mAh g-1, exceptional rate performance, and the
reasonably high practical discharge capacity of 170 mAh g-1 in the presence of a
conducting polyaniline network. An alternative to mixed transition metal oxides as
highly stable cathode materials is the use of an additional and inactive phase, such as
the superlattice-structured Li2MnO3.[22-24] Here the cathode functions as a
composite, where the Li2MnO3 offers additional stability during high-voltage
charge.[22-25] Following this theory, new cathodes with excess Li are being created,
such as the Li2MnO3•LiNi0.5Mn0.5O2 composite, with the aim of improving both
cycling stability and capacity for future LIB applications.[26-28]
In order to direct the development of cathodes with improved performance, the
atomic-level structural response of LiCoO2 [2-4] and Li(Ni1/3Mn1/3Co1/3)O2 [29]
during lithiation and delithiation have been studied. Delithiation in LiCoO2 is
reported to proceed through a solid-solution reaction to form LixCoO2 (x = ~ 0.5 with
capacity ~140 mAh g-1), with further Li extraction inducing the formation of CoO2
via a two-phase reaction. [2-4] During the solid-solution reaction, the lattice
parameter c first increases, before decreasing in the charged state. This reversible
non-linear behavior is also observed in the isostructural Li(Ni1/3Mn1/3Co1/3)O2
cathode.[18,29] Under further delithiation, Li(Ni1/3Mn1/3Co1/3)O2 decomposes via a
two-phase reaction, forming the Li0.04(Ni1/3Mn1/3Co1/3)O2 material with space group
P3̅m1.[18] The generally-accepted explanation for the non-linear behavior of the
lattice of these layered cathodes is that during initial charging (delithiation)
electrostatic repulsion of the oxygen-containing layers occurs, with the decreasing
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average charge of the O-ions at the high-charge-state reducing the repulsion between
the layers and consequently, the inter-layer distance. Although it is generally
accepted that the capacity of Li(Ni1/3Mn1/3Co1/3)O2 arises from the Ni2+/Ni3+/Ni4+
redox centers within the 3 - 4 V operating window, the contribution of the
Mn3+/Mn4+ and Co3+/Co4+ redox couples to this capacity is also reported.[30-33]
In this work a Li-rich Li1+xMO2 (xLi2MO3•(1-x)(Li5/6Ni1/6)(Li1/6Ni1/6Mn1/3Fe1/3)O2
composite material, M = Li, Ni, Mn, Fe) that is Co free was reported along with its
electrochemical performance and function, determining the phase evolution of the
active phase (Li5/6Ni1/6)(Li1/6Ni1/6Mn1/3Fe1/3)O2 using in-situ neutron powder
diffraction

(NPD)

as

outlined

in

Figure

5.1.

Further,

examined

the

lithiation/delithiation mechanism of the active phase within a whole battery
alongside the typical two-phase transitions of the graphite anode during galvanostatic
charge and discharge within the 2.0 - 4.5 V window (vs. graphite), noting that the Lirich Li2MO3 component (~25 wt.%) is electrochemically inert. The origin of the
capacity of the (Li5/6Ni1/6)(Li1/6Ni1/6Mn1/3Fe1/3)O2 phase has been established by
observing the variation in oxygen positional-parameter during electrochemical
cycling.

Figure 5.1. Schematic diagram illustrating the in-situ neutron powder diffraction
technique for investigating cathode material in lithium-ion batteries.
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5.2. Experimental Methods
The cathode powder was synthesized using a precursor solution prepared by
dissolving stoichiometric amounts i.e., 0.2 g LiNO3, 0.23 g Mn(CH3COO)2, 0.24 g
Ni(CH3COO)2, and 0.39 g Fe(CH3COO)2 (Sigma-Aldrich) in an adequate amount of
ethanol (7.5 mL) and N,N-dimethyl formamide (2.5 mL). 20% excess LiNO3 was
added to form Li1+x(Mn1/3Ni1/3Fe1/3)O2. After stirring for 1.5 h, 10 wt. % of
polyvinylpyrrolidone (1,300,000 g.mol-1, Sigma-Aldrich) was added to the resultant
solution. After overnight stirring, the precursor was dried at 100 °C for 24 h to
evaporate solvents and then calcined at 900 °C for 2 h with a heating rate of 3 °C
min-1 in flowing oxygen to obtain the cathode powder.
A specially designed pouch-type battery was used in the collection of in-situ NPD
data from the cathode. The cathode was prepared by casting a slurry of the cathode
powder (80 wt.%), carbon black (Super P, Timcal, Switzerland) (10 wt.%), and
polyvinylidene difluoride (PVDF) binder (10 wt.%) onto Al foil. Commercial
double-side coated MCMB anodes were used as the counter electrode. The
electrodes were cut into 1.5 × 7 cm strips with a coated area of 1.5 × 4.5 cm with a
loading mass of cathode active material is 4.0 ± 0.05 mg cm-2. Immobilon - P PVDF
membrane (Millipore) was used as a separator due to its lower H content relative to
the conventionally-used Celgard membrane, where the strong incoherent neutron
scattering of H is detrimental to the NPD signal. The battery was prepared by
stacking 16 anode/separator/cathode assemblies with a parallel connection. The stack
was placed in an Ar-filled glove box for 24 h and then wrapped in a polypropylenecoated Al foil to form a pouch. The dimension of the prepared cell was 3 cm wide
(including the sealing junction of the Al pouch), 10 cm long (including electrode
handles), and ~0.8 cm thick. Prior to the in-situ NPD experiment, deuterated
electrolyte solution (1 M lithium hexafluorophosphate (99.99%, Sigma-Aldrich) in a
1:1 volume ratio of deuterated dimethyl carbonate (DMC) (99.5%, Novachem) to
deuterated ethylene carbonate (EC) (98%, Novachem) was injected into the pouch
which was heat-sealed under Ar. After one day of wetting, the battery was used in
the in-situ NPD experiment. During the in-situ NPD experiment, the battery was
cycled galvanostatically using a potentiostat/galvanostat (Autolab PG302N) at a
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current of 3 mA for the first two cycles and 4.5 mA for the third cycle between 2.0
and 4.5 V (vs. MCMB). In-situ NPD data of the battery were collected using
WOMBAT, the high-intensity neutron powder diffractometer at the OPAL research
reactor at ANSTO. WOMBAT features an area detector that continuously covers
120º in 2θ and has a relatively intense neutron beam, allowing the rapid collection of
data. A neutron beam with a wavelength of 2.4174(1) Å was used, determined using
the La11B6 NIST Standard Reference Material 660b. The diffractograms were
obtained with an exposure time of 5 minutes per pattern in the angular range 16.1 136.9° in 2θ during charge-discharge cycling. The NPD data of the uncycled battery
was analyzed using Fullprof with visualization in WinplotR. [34-37] The refinements
were performed using data in the range 35 - 120° in 2θ. Single-peak fitting of
cathode 018 reflections was performed using the Large Array Manipulation Program
(LAMP).[38] Origin ver. 8.1 (OriginLab, Northampton, MA) was also used for
fitting overlapping lithiated graphite reflections.

5.3. Materials Characterization
Rietveld refinement profiles using X-ray powder diffraction (XRD) and highresolution NPD data are shown along with scanning electron microscopy (SEM)
images in Figure 5.2. XRD data (Figure 5.2a) are modelled using a modified αNaFeO2 structure with the R3̅m space group. [39,40] The R3̅m phase 104 reflection
exhibits asymmetry and broadening that suggests a shoulder peak. Further
investigation of this and other reflections unindexed by the R3̅m space-group were
able to be indexed using a C2/m space group, which we ascribe to a Li-rich
component such as Li2MO3 (M = Li, Ni, Mn, Fe). The ratio of the R3̅m phase 003
and 104 reflection intensities is determined to be 2.20, which is far from unity and
indicates that the main phase is a layered structure with a high level of cation mixing,
in which the (003) plane is filled with metals including Li and the (104) plane is
shared by all the elements in the material. We note that splitting of the 006 and 102
as well as the 018 and 110 reflections, characteristic for the R3̅m layered structure, is
not clearly observed due to peak broadening that likely arises from the relatively-
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small particle size of ~100 nm (Figure 5.2c) and the high level of cation mixing.
[39,40]
The relatively higher sensitivity of NPD to Li in this material compared to XRD
means that the R3̅m 104 and 018 reflections are stronger in the NPD than the XRD
data (Figure 5.2b) and that the Li2MO3 phase is more easily observed. Because of
this, the final refined cathode structure was obtained using the using NPD data.
Whilst the structure of the second Li-rich C2/m phase could not be modelled using
the NPD data, a Le Bail refinement of this phase was included alongside a
constrained Rietveld-refinement of the main R3̅m structure, allowing the
crystallographic detail of the R3̅m phase to be extracted as shown in Table 5.1 and
Figure 5.3. The lattice parameters of the C2/m phase were determined to be a =
4.9381(1), b = 8.6386(4), and c = 4.9849(2) Å, with β = 108.872°, which differ
slightly to that reported for Li2MnO3 where a = 4.9292, b = 8.5315, and c = 5.0251
Å, with β = 109.337°.[22] Importantly, the intensity of the C2/m phase reflections in
the NPD differs from that simulated for the reported Li2MnO3, likely as a result of
the partial substitution of Mn by Ni and Fe. The R3̅m phase is found to be
(Li0.80(4)Ni0.20(4))(Li0.20(4)Ni0.13(4)Mn0.33Fe0.33)O2 (LNMFO), in which Li atoms share
the octahedral 3b site with Ni atoms, these being sandwiched between layers of
hybrid Ni/Mn/FeO6 octahedra. The hexagonal layered structure of LNMFO is an O3type, in good agreement with that reported for Li(Ni1/3Mn1/3Fe1/3)O2,[39, 40] with the
major difference being the high level of Li/Ni cation mixing at both 3a and 3b sites
(Figure 5.3). This cation mixing can complicate the electrochemical function of the
cathode as the active Li intercalation layer (3b site) contains inactive Ni which may
lower capacity and block Li diffusion.[30, 41] Nevertheless, it is the inactive Ni in
this layer which is expected to increase structural stability and the subsequent cycling
performance.
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Figure 5.2. (a) Refinement plot using XRD data of the as-synthesized cathode
powder with goodness of fit (χ2) = 1.42, weighted profile R-factor (Rwp) = 27.9%,
Bragg R-factor (RB) = 2.16% (LNMFO) and 3.9% (Li2MO3), (b) refinement plot
using NPD data with χ2 = 3.61, Rwp = 19.9%, Bragg-R factor = 12.6% (LNMFO) and
= 0.25% (Li2MO3), and (c) SEM image of the as-prepared cathode powder.
Table 5.1. Crystallography of the as-prepared LNMFO powder obtained using the
NPD (upper) and XRD (bottom) data.
(Li0.8Ni0.2)(Li0.2Ni0.13Mn0.33Fe0.33)O2 (R3̅m) with a = b = 2.9275(3) Å and c =
14.344(3) Å
Atom Site x y
z
Atomic displacement parameter
Site
(Å2)
occupancy
factor
Li1
3b 0 0
0.5
Ni1
3b 0 0
0.5
Li2
3a 0 0
0
Ni2
3a 0 0
0
Mn2 3a 0 0
0
Fe2
3a 0 0
0
O1
6c 0 0
0.2580(3)
# ~
*, , constrained to be the same.
+

0.79(4)*
0.79(4)*
0.2(1)#
0.2(1)#
0.2(1)#
0.2(1)#
0.38(1)

0.80(4) +
0.20(4)+,~
0.20(4) ~,^
0.13(4)^
0.33^
0.33^
1

,^ constrained to add to 1.
(Li0.75Ni0.25)(Li0.25Ni0.08Mn0.33Fe0.33)O2 (R3̅m) with a = b = 2.9227(1) Å and c =
14.3808(2) Å
Atom Site x y
z
Atomic displacement
Site
parameter (Å2)
occupancy
factor

Li1
3b 0 0
0.5
0.79@
Ni1
3b 0 0
0.5
0.79@
Li2
3a 0 0
0
0.2@
Ni2
3a 0 0
0
0.2@
Mn2 3a 0 0
0
0.2@
Fe2
3a 0 0
0
0.2@
O1
6c 0 0
0.2551(3)
0.38@
@
taken from refinement results using the NPD data.
~
+

constrained to be the same.
,^ constrained to add to 1.
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0.25(4)~,^
0.08(4)^
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0.33^
1
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To correlate the electrochemical performance with the structural evolution of the
cathode, high-intensity NPD data of a neutron-friendly battery containing this
cathode during charge and discharge were collected. These data are complicated by
the same peak broadening affecting the high-resolution NPD data, but also from
additional peaks and features in the data from the other components of the battery.
Such features include a significant background from the hydrogen-containing
separator and scattering from the liquid electrolyte, and reflections overlapping those
of the cathode arising from the aluminum pouch. Detailed structural analysis of the
cathode was, therefore, limited. A Rietveld refinement plot using the NPD data of the
battery prior to electrochemical cycling is shown in Figure 5.4.
There are, as expected, four identifiable phases in the as-prepared battery, these
being Al, graphite, Cu, and LNMFO. The second Li-rich phase of the cathode was
not observed as a result of the significant background. The strongest LNMFO
reflections in the high-resolution NPD data, the 006/012, 104, and 018/110
reflections, are identified in these high-intensity NPD data, although these are weak.
During charging, these LNMFO reflections become less intense and are nearly
unobservable at the charged state of the battery. Consequently, standard sequential
Rietveld-refinement using the in-situ NPD data was difficult and possible only using
a highly constrained model with the background and oxygen positional-parameter (z)
the only refinable parameters, where the anode lattice was analyzed using Le Bail
extraction. Rietveld analysis was also supplemented with single-peak fitting to
understand the structural changes occurring during the LNMFO phase during
charge/discharge cycling.
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Figure 5.3. O3-structure of the R3̅m LNMFO phase obtained using NPD data.
Shown are O (red), Li (green), Ni (gray), Mn (violet), and Co (brown). The (018)
plane (orange) is shown along with the two-dimensional Li diffusion path along the a
and b lattice directions (green arrows).

Figure 5.4. Refinement plot using the NPD data of the LNMFO-containing battery
before cycling. Figures-of-merit include χ2 = 2.53, Rwp = 13.3%, with Bragg-R
factors 1.05% for LNMFO, 0.17% for graphite, 0.42% for Cu, and 0.28% for Al.
The battery voltage during the in-situ experiment is shown in Figure 5.5. During the
battery formation cycle (the first), electrolyte decomposition is observed at the
battery’s high-charge-state (4.48 V vs. MCMB), appearing as a drop in the liquid
structure-factor contribution to the pattern arising from the electrolyte (arrow in
Figure 5.5). During the first cycle, the large irreversible capacity of 41.2 mAh
(coulombic efficiency of 51%) was obtained, which may be ascribed to the
electrolyte decomposition and the formation of a solid-electrolyte interface. After the
first cycle, efficiencies of 89.1% and 87.0% are observed during cycling at 3 and 4.5
mA, respectively. The calculated charge (83.25 mAh) and discharge (41.2 mAh)
capacities are equivalent to 104.1 and 52.6 mAh g-1, respectively, for the total
composite cathode. The use of deuterated electrolyte with a heavier molecular mass
and higher viscosity can be detrimental to battery performance as noted in previous
work.[42-46] The incremental capacity-plot (Figure 5.6) exhibits features only from
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the couples expected to be redox-active between 3 and 4.3 V, which correspond to
Ni2+/Ni3+ and Ni3+/Ni4+ transitions, respectively.[47] The absence of a peak around 3
V indicates the Mn3+/Mn4+ redox couple is inactive and that no or minor amounts of
Mn3+ are present in the cathode.[48] The presence of electrochemically-inactive
Mn4+ is expected to impart structural stability to the cathode, which alongside Fe3+,
also not electrochemically active in the voltage range proposed for this cathode,
promote structural stability.[8]
To understand the battery function in terms of structure, first examined the graphite
002 reflections of the anode (~ 42.0° in 2θ) in the in-situ NPD data for the battery
(Figure 5.5). The shift in the position of the graphite 002 reflection arises from
lithiation and delithiation, with the observed phase transformation agreeing well with
the battery voltage curve. Given that the anode is in excess in the battery to ensure
the complete reaction of the cathode, the complete lithiation of graphite to the LiC6
phase is not observed, with the LiC6 001 reflection (d ~ 3.70 Å) [50] expected at ~
38.0° in 2θ, not appearing. Fitting of the overlapping lithiated graphite reflections
with Gaussian functions reveals peak positions corresponding to that of C, LiC18, and
LiC12 (Figure 5.7 and 5.8).[50] Based on the evolution of intensity of these peaks
during charge/discharge, it is to note the presence of the two-phase C-LiC18 and
LiC18-LiC12 reactions that confirm the expected reversible lithiation of the anode.
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Figure 5.5. In-situ NPD data detailing the graphite 002 reflection during battery
charge and discharge, with the intensity (arbitrary units) scale given on the right
(top). The battery voltage and current profile are also shown (bottom). The inset (top)
highlights the battery voltage during the electrolyte decomposition that causes the
drop in NPD background intensity (top) and is identified by the red box in the
voltage curve (bottom).
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Figure 5.6. The incremental capacity plot for the LMNFO-containing battery during
the second cycle, identifying key voltages in the battery mechanism, where the black
and red curves represent charge and discharge, respectively.

Figure 5.7. In-situ NPD anode reflections corresponding to the lithiation and
delithiation of graphite during charge and discharge, respectively, in the second
cycle. The intensity ratios are determined by Gaussian peak fitting (see Figure 5.8).
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Figure 5.8. Gaussian peak fitting for graphite, LiC18, and LiC12 002 reflections at
(a) 2V, (b) 4.2 V, and (c) 4.5 V during charging and at (d) 3.3 V and (e) 2.0 V during
discharging. Data are shown as black crosses, a flat background as an olive line, with
Gaussian functions in varying colours (graphite: blue, LiC18: orange, and LiC12:
magenta) and the total is the red solid line through the data points.
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Gaussian peak fitting of the LNMFO reflections in the in-situ NPD data is
complicated by significant peak overlap. The contour plot of the in-situ data (see
Figure 5.9) reveals that the 006/012 reflections change during delithiation and
lithiation. Figure 5.10a shows the evolution of the 2θ position of the LNMFO
006/012 reflections obtained through single Gaussian peak fitting during
charge/discharge cycling. Given the reported structural response of the R3̅m LiCoO2
[2-4] and Li(Ni1/3Mn1/3Co1/3)O2 [18, 29] during lithiation and delithiation,
isostructural to LNMFO, we expect the lattice parameter c for LNMFO to first
increase and then decrease during the battery charging. This non-Vegard change of
the lattice parameter c in the hexagonal layered cathodes is ascribed to electrostatic
repulsion between the O-containing layers and the subsequent deficient average
charge of the O ions (Figure 5.3). Interestingly, no inflection point is observed in the
position of the overlapping LNMFO 006/012 reflections (Figure 5.10a), with the
peak shifting to higher and lower angle during charge and discharge, respectively.
Given the hexagonal layered structure of the LNMFO and known lattice response of
isostructural cathodes during lithiation/delithiation, [2, 29] the change in the position
of the LNMFO 006/012 reflections is likely dominated by that of the c axis change as
a result of changing Li content. [51, 52] The substitution of Co by Fe is not expected
to alter the electrochemistry of an R3̅m ternary cathode, and the dissimilar lattice
evolution of the LNMFO and other iso-structural cathodes must, therefore, be
attributed to the high level of Li/Ni cation mixing in LNMFO.
The LNMFO 018 and 110 reflections also overlap, and the evolution of the peak
intensity of the Gaussian peak describing these is shown in Figure 5.10b. The
contour plot of the in-situ data (see Figure 5.11) reveals that the 018 and 110
reflections separate somewhat and their intensity decreases during delithiation, with
the reverse occurring during lithiation. As the LNMFO 018 and 110 reflections are
broad and the inter-planar spacing of these is close, single-peak fitting is used to
monitor the changes of the two reflections. The LNMFO (018) and (110) planes
consist of all the elements in the material (Li, Fe, Mn, Ni, and O, Figure 5.3).
Considering that Li and Mn have negative coherent neutron scattering lengths (-1.9
and -3.7 fm, respectively) and that Fe, Ni, and O have positive coherent neutron
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scattering lengths (9.5, 10.3, and 5.8 fm, respectively), if only the population of the
active Li site (3b) during charge/discharge is considered, then the intensity of the
LNMFO 018/110 reflections is expected to increase and decrease during Li 3b site
depopulation and population, respectively. We observe the opposite here, with the
changes in the intensity of the LNMFO 018/110 reflections driven by changes in the
oxygen positional-parameter. During lithiation/delithiation (reduction/oxidation), the
transition-metal to oxygen bond length changes as a result of the valence change of
the redox center. Our incremental capacity-plot (Figure 5.6) indicates that the
Ni2+/Ni3+/Ni4+ is the active redox center in the LNMFO and therefore responsible for
the average valence change of the octahedral metal-sites. Table 5.2 summarizes the
reported length of the Ni-O bond at various Ni oxidation states obtained from bondvalence summation calculations.[49] The Ni-O bond in similar materials is longest in
higher oxidation states of Ni, contrary to that expected from a simple electrostatic
argument.

Figure 5.9. Intensity contour plot of the cathode 006/012 reflections in the in-situ
NPD data during battery cycling.
Table 5.2. Ni - O bond lengths at various Ni valences.
Ion Reported Ni-O bond length
Ni2+
1.675
Ni3+
1.750
Ni4+
1.780

Reference
Brown and Altermatt, (1985) [49]
I.D.Brown Private communication
I.D.Brown Private communication
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To

understand

further

the

structural

response

of

the

LNMFO

during

charge/discharge, the oxygen positional-parameter (z) was extracted using highlyconstrained Rietveld refinement, and z is shown alongside the intensity change of the
LNMFO 018/110 peak in Figure 5.10b. The decrease and increase in 018/110 peak
intensity are associated with the increase and decrease, respectively, of z. To further
support this finding, simulated NPD patterns of LNMFO with various z were created
and the relative 018/110 peak intensity compared with that experimentally-obtained
(Figure 5.12). The simulated NPD patterns for LNMFO with different z were
calculated using the refined structure obtained from the high-resolution NPD data
and with the same lattice parameter and atomic site-occupancy factors, despite these
being known to vary alongside changes in z in isostructural cathodes. The LNMFO
018/110 reflections in simulated patterns were fitted using a Gaussian function to
examine the trend of intensity variation as a function of oxygen positional-parameter.
This is shown alongside the measured intensity using NPD and the refined z in
Figure 5.13. The trends of the experimentally-obtained and simulated-intensity
variation with z are in agreement, and we correlate the experimentally-obtained
battery state-of-charge with the calculated z to explore the M-O bond distance as a
function of battery charge state.
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Figure 5.10. (a) Evolution of the 2θ position of the Gaussian peak describing the
LNMFO 006/012 reflections and (b) the evolution of intensity of the Gaussian peak
describing the LNMFO 018/110 reflections, associated with the refined z, during
charge/discharge cycling (see Figure 5.5 and 5.8).
The structure of the transition metal oxygen octahedron with values of z associated
with the measured 018/110 reflection intensity at the 0, 50, and 100% charge states
of the battery (z = 0.258, 0.264, and 0.270, respectively) is shown in Figure 5.14.
Changes in the oxygen position are associated with changing M-O bond length, and
also with distortion of the transition-metal oxygen octahedron, represented by the
oxygen-transition metal-oxygen angle.
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Figure 5.11. Intensity contour plot of the cathode 018 reflections in the in-situ NPD
data during battery cycling.

Figure 5.12. Simulated NPD patterns of LNMFO with various oxygen positional
parameters (z).
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Figure 5.13. LNMFO 018/110 reflection intensity as a function of z, obtained by
Gaussian peak fitting, with the linear fitting shown in red. The square green
rectangles are the measured intensity from experimental data and the solid blue
circles are the calculated reflection intensity from the simulated data.

Figure 5.14. The calculated structure of the metal-oxygen octahedron at various
oxygen positional-parameter (z) values. Oxygen is shown at z = 0.258 (red), z =
0.264 (yellow), and z = 0.270 (green), these corresponding to the 0, 50, and 100%
battery charge states.

5.4. Electrochemical Characterization
The galvanostatic charge-discharge characteristics of the cathode were measured
using coin-type half cells between 2 and 4.5 V (vs. Li/Li+) at a current rate of 0.1 C
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(Figure 5.15a). These results indicate that the cathode delivered an initial discharge
capacity of ~103 mAh g-1 at 0.1 C.[39, 40] We again note that our cathode is a
composite containing ~25% electrochemically-inert Li2MO3, with the active LNMFO
having a capacity ~137 mAh g-1 that approaches that of LiCoO2 ( ~140 mAh g-1) and
of Li(Mn1/3Ni1/3Co1/3)O2 (~160 mAh g-1). We show that it is the Ni2+/Ni3+/Ni4+ redox
center that contributes to the LNMFO capacity, where the Fe3+ and Mn4+ are not
active in the voltage range of the battery and promotes further structural stability at
the expense of higher capacity.[8, 23] The composite cathode retains a discharge
capacity of ~87 mAh g-1 (116 mAh g-1 for the LNMFO phase) after 100 cycles with
no significant variation in the voltage plateau of the charge-discharge curves,
indicating 84% capacity retention and low electrode-polarization. Additionally, cells
electrochemically-cycled over 100 times showed a coulombic efficiency of ~99%
(Figure 5.15b). Nyquist plots (Figure 5.16) indicate a similar charge-transfer
resistance for the cathode before and after 100 cycles (~35 and ~48 Ω, respectively)
with this implying facile ionic/electronic transfer kinetics.

Figure 5.15. (a) Charge - discharge curves and (b) the variation of the discharge
capacity of the cathode during the 1st and 100th cycle at 0.1 C.
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Figure 5.16. AC-impendence (Nyquist) plot of an LNMFO-containing coin-cell
before and after 100 cycles.

5.5. Conclusions
Nano-sized Li-rich, Co-free Li1+xMO2 (M = Li, Ni, Mn, Fe) for application as a
lithium-ion battery cathode was prepared using a simple and direct wet-chemical
method. The as-synthesized powder was characterized and found to contain
predominantly (Li0.80(4)Ni0.20(4))3b(Li0.20(4)Ni0.13(4)Mn0.33Fe0.33)3aO2, a phase with a
layered R3̅m structure and a high level of cation mixing, alongside a more minor
(~25%) inert Li2MO3 secondary phase. The performance characteristics of the Cofree cathode approach that of commercial and Co-containing counterparts, before
optimization.

The

structural

evolution

of

the

active

(Li0.80(4)Ni0.20(4))(Li0.20(4)Ni0.13(4)Mn0.33Fe0.33)O2 phase was studied using in-situ
neutron powder diffraction and found a lattice response that was dissimilar to
isostructural cathodes, attributable to the different level of cation mixing. It has been
proved that the capacity of this novel material comes from the Ni2+/Ni3+/Ni4+ redox
centers. Notably, the in-situ powder diffraction results suggest excellent structural
stability of the active component, which exhibits a change of only ~0.8% (for ~139
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mAh g-1) of the stacking axis of its layered structure, compared with the ~4% change
in LiCoO2 (for ~140 mAh g-1), a characteristic that may be exploited to enhance
capacity retention of this and similar materials.
Note: A version of this chapter has been published and the citation of the paper is
below.
W.K. Pang, S. Kalluri, V.K. Peterson, S.X. Dou, and Z. Guo, Physical Chemistry
Chemical Physics 2014, 16, 25377 - 25385.
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CHAPTER 6. NANO-ENGINEERING OF Mn-DOPED P2-TYPE
NaxFeO2 AS A POTENTIAL CATHODE IN SODIUM-ION
BATTERIES
6.1. Introduction
Owing to limited energy resources for the future, it is necessary to look for ecofriendly and affordable renewable energy systems and their systematic utilization by
safe and facile energy storage systems.[1-2] Due to superior electrochemistry and cell
design, the lithium-ion battery has been predominant in portable applications and
also could be in electric vehicles, resulting in depletion of lithium reserves, which is
hardly sustainable for future needs.[3] Thus, an alternative that can compete with
lithium-ion battery (LIB) technology on the global market is inevitably needed.
Sodium is non-toxic, inexpensive, the next lighter and smaller alkali metal other than
lithium has a redox potential suitable for battery applications (0.3 V vs. Li), and
importantly, is an abundant element, with a similar electrochemistry to that of
lithium in LIBs. All these attributes make sodium an alternative to lithium and pave
the way for research on feasible sodium-based electrode materials. [4-6]
Research on cathode materials for SIBs has been focussed on compounds ranging
from polyanions to layered transition-metal oxides, and it is suggested that layered
sodium transition metal oxides show outstanding electrode properties.[7,8] Layered
sodium metal oxides are classified as O3- and P2- types, based on the location of the
sodium ion at octahedral and prismatic sites, respectively, and there are sub-groups
of new phases such as the new O3 and P`3- phases.[9-14] Various groups have
successfully prepared P2-type Nax(Mn1-yFey)O2 (x = 2/3, y = 1/2) by solid-state
reaction, auto-combustion and sol-gel processes,[15-17] and it delivers an excellent
initial discharge capacity of ~190 mAh g-1 at a low current density in the voltage
range of 1.5 - 4.3 V with optimized proportions of Mn and Fe. Unfortunately, the
cyclability of these materials is limited and needs to be improved for large-scale
applications. To improve further, nanostructures in one-dimension have a short Naion diffusion distance, relatively less volume expansion during cycling, and better
electrolyte contacts due to their high specific surface area, all of which are
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responsible for improved electrochemical performance in SIBs. [18-22] Feasible and
reliable fabrication techniques are essential for 1D nanostructures. [23-26]
There have been no reports to date on 1D nanofibrous sodium metal oxide cathodes
for SIBs. In the present study, I have successfully fabricated electrospun nanofibers
of P2-type Na2/3(Fe1/2Mn1/2)O2 material and characterized them structurally and
electrochemically and outlined as shown in Figure 6.1.

Figure 6.1. Schematic illustration of the application of electrospinning based NFMO
nanofibers as a cathode material in sodium-ion batteries.

6.2. Experimental Methods
6.2.1. Preparation of Na2/3(Fe1/2Mn1/2)O2 nanofibers
The precursor solution is prepared by dissolving stoichiometric amounts of reactants
i.e., 0.3 g sodium acetate, 1.1 g iron nitrate, and 0.67 g manganese acetate (all from
Sigma-Aldrich with 99% purity) in a mixed solvent of ethanol (5 mL) and N, N 137
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dimethylformamide (DMF, 5 mL). The selection of solvents (ethanol and DMF) is
based on their compatibility with the electrospinning process. After stirring for an
hour, 10 wt. % polyvinylpyrrolidone (PVP, 1,300,000 g/mol) is added to the resultant
solution. After overnight stirring, electrospinning is carried out at room temperature
by transferring the precursor solution into a syringe with a 21G stainless steel needle
and feeding it into the electrospinning unit (NanoNC, South Korea) at constant
parameters: applied voltage: 20 kV, tip to collector distance: 11 cm, feed rate: 0.8 ml
h-1 and relative humidity (RH): ~25%. After electrospinning, the as-spun nanofibrous
mats are collected from the Al foil collector and calcined in a step-wise process as
follows: 1 ◦C min-1, 350 ◦C, 2 h; 2 ◦C min-1, 500 ◦C, 2 h; and 3 ◦C min-1, 900 ◦C, 2 h in
the compressed-air atmosphere. Then, the resultant Na2/3(Fe1/2Mn1/2)O2 nanofibers
(hereafter designated as NFMO NF) are quenched down to room temperature and
stored in an Ar - filled glove box. The purpose of the step-wise calcination process in
the case of the nanofibers is to protect their structure from collapse during the
calcination process by employing slow heating rates in a step-wise fashion.

6.2.2. Preparation of Na2/3(Fe1/2Mn1/2)O2 nanoparticles
For the baseline reference sample, the same precursor solution is dried in a drying
oven at 100 ◦C overnight and further calcined at 900 ◦C for 2 h in the compressed-air
atmosphere. The thus obtained Na2/3(Fe1/2Mn1/2)O2 nanopowder (hereafter designated
as NFMO NP) is quenched down to room temperature.

6.3. Materials Characterization
X-ray diffraction (XRD) patterns for both samples prepared at 900 °C are shown in
Figure 6.2. Both patterns appear the same, with well-crystallized sharp reflections
associated with the hexagonal phase system and space group P63/mmc, which are
well consistent with the literature. [15-17] NFMO is a P2-type structure, with the
sodium ions, accommodated at two locations in prismatic sites and stacked in
between the ordered hybrid octahedral layers of FeO6 and MnO6 (inset of Figure
6.2). The present NFMO material is highly sensitive to moisture/air. To test the
moisture/air stability, XRD analysis was performed for three successive weeks after
exposing the material to moisture/air. The corresponding XRD patterns are shown in
Figure 6.3. This reveals the structural degradation of NFMO with respect to time and
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possibly the formation of some by-products due to the high reactivity of Na with
air/moisture.
Figure 6.4a shows a scanning electron microscope (SEM) image of the as-spun
precursor fibers with an average diameter of ~400 nm (see Figure 6.5a). After
calcination, the polyvinylpyrrolidone (PVP) and organic residues are sublimated,
resulting in NFMO NF (Figure 6.4b), with an average diameter of ~170 nm (Figure
6.5b). Figure 6.6 shows a SEM image of NFMO NP with average particle size of
~500 nm and the nanoparticle morphology was further evident from high-resolution
SEM images of the ex-situ SEM analysis (see below, Figure 6.12b) and the in-situ
synchrotron diffraction studies (Chapter 7, Figure 7.3). High-resolution transmission
electron microscope (HR-TEM) images were obtained to determine the crystallinity
and secondary structure of the hierarchical nanofibers. Figure 6.4c is in good
agreement with the SEM image in terms of its 1D morphology. Notably, the NFMO
nanocrystallites are tightly connected with each other within the nanofiber (as
highlighted with contours in Figure 6.4c), and the self-aggregation of nanocrystallites
is greatly reduced due to the attachment of nanocrystallites in the nanofiber. Figure
6.4d shows a high-resolution TEM image of the well - developed nanocrystalline
taken at the diffraction condition near the zone axis [1̅100]. It shows that the width of
the lattice fringes is about 5.4 Å, as marked in Figure 6.4d, which is in good
agreement with the XRD data and corresponding to the (0 0 2) plane of the
hexagonal structure. The longitudinal direction is along [112̅0]. Figure 6.4f presents
the energy dispersive X-ray (EDX) spectrum of NFMO NF with the individual
elements Na, Fe, Mn, and O.
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Figure 6.2. XRD patterns of NFMO NF and NFMO NP (inset: crystal structure of
P2-type NFMO).

Figure 6.3. XRD patterns of NFMO after exposure to moisture /air for three
successive weeks.
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Figure 6.4. SEM images of (a) as-spun nanofibers (inset: photograph of as-spun
nanofibrous mat), and (b) NFMO nanofibers (inset: high-resolution image); (c) HRTEM image of NFMO nanofiber with hierarchical arrangement of nanocrystallites;
(d) high-resolution TEM image of a longitudinal nanoparticle taken from near the
zone axis [1̅100] showing fringes of (0 0 2) and the longitudinal direction of the
particle is [112̅0]; and (e) EDX spectrum.
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Figure 6.5. Fiber diameter size distribution of NFMO NF (a) as-spun and (b) heattreated.

Figure 6.6. (a) SEM image of NFMO NP and (b) particle size distribution.

6.4. Electrochemical Characterization
The electrochemical properties were examined for both samples from charge discharge curves and cyclic voltammograms (CVs) using a battery analyser and an
electrochemical workstation in the voltage range of 1.5 - 4.2 V. All electrodes of
both NFMO NF and NP samples were maintained with an average loading rate of the
active material 1.5 ± 0.05 mg cm-2. Figure 6.7a shows the charge - discharge
behaviour in the initial cycle and the 80th cycle for both samples at 0.1 C current rate
(1 C = 260 mA g-1). The charge - discharge curves show similar behavior to that
reported elsewhere, with two plateaus at 4 V and 3.4 V, corresponding to phase
transitions from P2-type to O2-type with OP4-type as an intermediate phase. The
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additional plateau around 2.1 V could be attributed to reverse phase transition from
OP4-type to P2-type during discharge.[15] Interestingly, NFMO NF showed an
improved initial discharge capacity of ~195 mAh g-1 when compared to that of
NFMO NP (~179 mAh g-1). Under the same specifications at the 80th cycle, the
discharge capacity is ~167 mAh g-1 and ~113 mAh g-1 for NFMO NF and NP,
respectively, and it is apparent that there is a notable impact of morphology on the
stability of NFMO during cycling. Thus, cyclability was evaluated over 80 cycles at
the 0.1 C rate with 1M NaClO4 in propylene carbonate (PC) as the electrolyte, with 2
wt.% fluoroethylene carbonate (FEC) as an additive, in which the NFMO NF showed
an initial capacity decay from ~195 mAh g-1 to ~175 mAh g-1 for the first few cycles
(which could be due to the inherent internal resistance of the cell and the conducting
nature of NFMO [27]) and thereafter maintained excellent cyclability (Figure 6.7b),
with discharge capacity of ~166 mAh g-1 after 80 cycles with 86.4 % capacity
retention, which is a significant improvement when compared to that of the NP (60.5
% capacity retention with the discharge capacity of ~113 mAh g-1). The enhanced
capacity and cyclability could be attributed to the well-guided charge transfer
kinetics and better wettability of the well - interconnected and highly porous
nanofibrous network with respect to the electrolyte over cycling, whereas the NP
sample delivered relatively poor capacity retention, which could be attributed to
pulverization of the material, less contact of the active material with the electrolyte
due to possible self - aggregation of nanoparticles over cycling, and also the
relatively larger crystallite size. Such self - aggregation is barely seen for the
nanofibers because of the hierarchical crystallite formation at localized sites along
the fiber structure during the calcination, which reduces the diffusion in the sintering
process.[23] In addition, capacity fade can be observed for the NP sample from the
initial cycle to the final cycle, which may be due to the volumetric expansion of the
material during repeated Na-ion intercalation and de-intercalation processes during
cycling and loss of electrical contact between the active material and the current
collector. The FEC electrolyte additive acts as a stabilizing agent for the solid
electrolyte interphase (SEI) film and helps in improving the Na-ion intercalation/deintercalation kinetics and thus the cycle life as shown in Figure 6.8. [28, 29]
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To understand the impact of morphology on rate performance, both samples were
characterized at various rates from 0.1 C to 15 C. The NFMO NF samples featured
slightly improved rate performance when compared to NFMO NP. At the high
current rates of 1 C, 2 C, and 5 C, the NFMO NF sample showed good discharge
capacity values when compared to NFMO NP (see Figure 6.7c). This is attributed to
the minimal polarization of the NF electrodes when compared to the NP ones. At the
very high rates of 10 C and 15 C, however, for both samples, the discharge capacity
values are dramatically diminished to the range of 70 mAh g-1 to 33 mAh g-1. The
charge - discharge curves of both electrodes at various current rates from 0.1 C to 15
C (see Figure 6.9a,b), reveal that with increasing rate, the two voltage plateaus at 4 V
and 3.4 V are gradually diminishing, which could be attributed to the polarization of
the electrodes, hindering reversible phase transitions from P2-type to O2-type and
leading to corresponding deterioration in the crystal structure of the active material,
thereby decreasing Na-ion intercalation and de-intercalation reactions.[8] These
reactions are further confirmed by the CVs (Figure 6.7d), with Na as a reference and
a counter electrode in the voltage range of 1.5 - 4.2 V at the scan rate of 0.1 mV s-1.
Two pairs of peaks are observed in both the anodic and cathodic sweeps at 2.6 vs. 1.9
V and 4.1 vs. 3.4 V, corresponding to redox reactions of Mn3+/Mn4+ and Fe3+/Fe4+,
respectively. [30, 31] The phase transition from quasi-reversible P2-type to O2-type
due to less Na content upon extraction corresponds to the anodic peak at 4.1 V. This
phase change is associated with slight oxygen layer dislocation in the crystal
structure of NFMO, resulting in octahedral phase. During reduction, the octahedral
phase is converted back to hexagonal phase. [31, 8] These voltage plateaus associated
with phase transitions are in good agreement with the corresponding chargedischarge curves.
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Figure 6.7 (a) Charge-discharge curves of NFMO NF and NP at the initial and 80th
cycles at the 0.1 C current rate, (b) corresponding cycling stability, (c) rate
performance, and (d) cyclic voltammograms of NFMO NF and NP at the scan rate of
0.1 mV s-1. The voltage range is 1.5 - 4.2V.
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Figure 6.8. Cycling stability of NFMO NF with and without FEC electrolyte
additive at 0.1 C rate.

Figure 6.9. Charge - discharge curves at various current rates measured in the
voltage range of 1.5 - 4.2 V for (a) NFMO NF and (b) NFMO NP.
Various reasons are proposed for the improved electrochemical performance of the
NFMO NF over that of NFMO NP. During the calcination of the as-spun nanofibers,
NFMO nanocrystallites are formed at localized sites along the direction of fiber
growth (schematic illustration in Figure 6.10a), which is also evident from HR-TEM
and SEM analyses (see Figure 6.4b, c). Such hierarchical growth of nanofibers
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thereby prevents sintering and self-aggregation, [23, 32] whereas nanoparticles
without a well-defined morphology have a tendency to self-aggregate, as shown in
Figure 6.10b. Thus, 1D NFMO nanofibers take advantage of their large effective
contact area and consequent better wettability with the electrolyte during cycling,
which significantly contributes to improved performance. In addition, the charge
transfer kinetics in the active material also influences the electrochemical
conductivity. NFMO NFs display well-guided transport behavior, with a long mean
free paths of charge carriers (sodium ions and electrons), as shown in Figure 6.10a,
which improves the electronic and ionic conductivities. The proposed mechanism is
evident from the electrochemical impedance spectroscopy (EIS) studies and ex-situ
SEM analysis, as shown in Figure 6.11a, b, and 6.12a, b, respectively. EIS
measurements were performed to understand the conductivity profiles of the NFs and
NPs. The Nyquist plots present the lower charge transfer resistance of 47 Ω for
NFMO NF when compared to that of NFMO NP (140 Ω) before cycling, and the
same trend is followed even after 80 cycles. Ex-situ SEM analysis of both electrodes
after 40 cycles revealed the excellent structural stability with the well-defined
hierarchical structure of the NFs and the self-agglomeration of NPs, as shown in
Figure 6.12. Further studies relating to the improvement of rate performance at very
high current rates and understanding the interfacial properties need to be conducted.
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Figure 6.10. Formation mechanism and charge transfer pathways in (a) hierarchical
NFMO NF and (b) NFMO NP.

Figure 6.11. Electrochemical impedance spectroscopy Nyquist plots of NFMO NF
and NFMO NP (a) before cycling (inset: highly magnified region of the plot) and (b)
after cycling, with all plots collected at open circuit voltage (OCV) in the frequency
range of 100 kHz to 100 mHz.
148

Chapter 6 Nano-engineering of Mn-Doped P2-type NaxFeO2 as a Potential Cathode in Sodium-ion
Batteries

Figure 6.12. Ex-situ SEM images of (a) NFMO NF and (b) NFMO NP after
electrochemical cycling.

6.5. Conclusions
To summarize, structurally stable P2-type Na2/3(Fe1/2Mn1/2)O2 hierarchical
nanofibers were fabricated by electrospinning. The hierarchical arrangement is
formed during the calcination from ordered stacking of nanocrystallites along the
direction of fiber growth. These nanofibers showed enhanced electrochemical
performance in SIBs, with an initial discharge capacity of ~195 mAh g-1 and
improved cyclability with capacity retention of 86.4% over 80 cycles. These
hierarchical structures are unique in terms of being well-interconnected for charge
conductivity and well-guided diffusion pathways. Such hierarchical nanofibers could
be one of the potential cathode candidates for SIBs.
Note: A version of this chapter has been published and the citation of the paper is
below.
S. Kalluri, K.H. Seng, W.K. Pang, Z. Guo, Z. Chen, H.-K. Liu, and S.X. Dou, ACS
Applied Materials & Interfaces 2014, 6 (12), 8953 - 8958.
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CHAPTER 7. INSIGHT INTO PHASE EVOLUTION AND
ELECTROCHEMISTRY OF Nax(Fe1/2Mn1/2)O2 BASED SODIUMION BATTERY USING IN-SITU SYNCHROTRON POWDER
DIFFRACTION
7.1. Introduction
Since the commercialization of the first lithium-ion battery (LIB), featuring a
LiCoO2 cathode and graphite anode, by Sony Corporation in 1991, LIBs are now
extensively used for energy storage due to their relatively high energy density, long
cycle life, and low cost.[1] However, the search is underway for a replacement
technology, mainly because of the limited abundance of lithium. Surprisingly,
sodium also exhibits a redox potential well-suited to battery applications (0.3 V vs.
Li) with similar electrochemical function to lithium in LIBs. [2-5]
Recently, alternative cathode materials for SIBs based on sulfides, fluorides,
phosphates, sulphates, and oxides (including layered transition-metal oxides) have
been investigated.[3,4,6-20] Safer and affordable layered sodium metal oxides
containing mixed-valence Fe and Mn, such as the P2-type Nax(FeyMn1-y)O2 material
(x = 2/3, y = 1/2), have been obtained by various synthesis procedures.[20-24]
Importantly, these environmentally-friendly materials deliver an excellent initial
discharge capacity of ~ 190 mAh g-1 at low current density in the 1.5 - 4.3 V range
with an energy density of ~ 520 mWh g-1. These electrodes are therefore comparable
in performance with the LiFePO4 (~530 mWh g-1) and LiMn2O4 (~460 mWh g-1)
cathodes used commercially in LIBs and open up a new avenue for the development
of future cathode materials. Unfortunately, the poor cycling performance of the
Nax(FeyMn1-y)O2 (x = 2/3, y = 1/2) materials presents a major hurdle to large-scale
commercial application. The electrochemical behavior of materials is governed by
their structural and chemical evolution. For example, the delithiation of the P2LixVO2 (x = 0.80) cathode proceeds through multiple two-phase and solid-solution
reactions to form P2-LixVO2 (x = 0.50), leading to structural instability and poor
cycling performance.[10] P2-Na2/3(Fe1/2Mn1/2)O2 crystallizes in the hexagonal
structure with a P63/mmc space group and is considered a candidate cathode material
for SIBs, with the sodium insertion and extraction mechanisms studied using ex-situ
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synchrotron X-ray powder diffraction (SXRD) and X-ray absorption spectroscopy
(XAS).[20] It is reported that the Nax(Fe1/2Mn1/2)O2 cathode first undergoes a solidsolution reaction up to 3.8 V (from x = 0.66 to ~ 0.4) before a two-phase reaction
between P63/mmc (P2) and P6̅m2 (OP4) is observed, alongside Fe3+/Fe4+ and
Mn3+/Mn4+ transitions.[20] Whilst the established mechanism is seemingly wellaccepted, the ex-situ study involved the removal and post-processing of composite
electrodes from a coin-cell, and therefore did not directly reveal the entire
mechanism of cathode function. Recent studies of the Nax(Fe1/2Mn1/2)O2 cathode
using in-situ SXRD reported that Nax(Fe1/2Mn1/2)O2 (x = ~1) crystallized in the
Cmcm space group (also P2-type) and first transformed to the P63/mmc symmetry
(P2) through a two-phase reaction upon desodiation. Further, desodiation caused the
P2 structure to undergo both solid-solution (0.35< x <0.82) and two-phase reactions,
transforming into a “Z phase” with a high degree of disorder. However, no report has
explained the structure-function relationship that underpins the electrochemical
properties of this promising SIB cathode.
Since the energy density of a battery mainly depends predominately on the cathode
material, the cathode is the component of focus in the consideration of new SIB
systems. The properties and features of the Nax(Fe1/2Mn1/2)O2 cathode are
sufficiently promising for SIB applications to warrant an in-depth understanding of
this material both structurally and electrochemically in the pursuit of overcoming its
poor cycling performance, and thus is the subject of the present study. In particular,
an understanding of the reaction pathways that control performance will enable the
rational improvement of electrode materials. In the past, in-situ SXRD using
customized coin-cells has successfully examined the structural evolution of electrode
materials. [25-29] In this study, the nano-sized P2-type Nax(Fe1/2Mn1/2)O2 (x = 2/3)
material was prepared via a facile single-step sol-gel method. The nanoparticulate
cathode delivers excellent discharge capacity and energy density in a coin cell, but
relatively poor cycling performance and energy efficiency. The structure-function
relation of the Nax(Fe1/2Mn1/2)O2 cathode using in-situ SXRD was studied during
sodium insertion and de-insertion and suggest a rational improvement in the use of
the P2-type cathode.
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7.2. Experimental Methods
The precursor solution was prepared by dissolving stoichiometric amounts of sodium
acetate, iron nitrate, and manganese acetate (all from Sigma-Aldrich) in ethanol and
N, N -Dimethylformamide (DMF). After stirring for an hour, 10 wt. % of
polyvinylpyrrolidone (PVP, molecular weight ~ 1,300,000 g mol-1), which acts as a
gelling agent, was added to the resultant solution. The precursor solution was oven
dried at 100 °C overnight before calcination at 900 °C for 2 h in air. The obtained
P2-type Na2/3(Fe1/2Mn1/2)O2 powder was quenched to room temperature and stored in
an Ar-filled glove box.
The as-prepared P2-type Na2/3(Fe1/2Mn1/2)O2 (NFMO) was characterized using X-ray
powder diffraction (XRD) (GBC, MMA) equipped with Cu-Kα radiation and highresolution neutron powder diffraction (NPD) using ECHIDNA [30] at the Australian
Nuclear Science and Technology Organisation. The wavelength of the neutron beam
was 1.62380(3) Å, determined using the La11B6 NIST standard reference material
(SRM) 660b. The NPD data were obtained in the 2θ angular range 6.5 to 165.2° with
a step size of 0.125° over 6 h. Fullprof/WinPlotR [31] were employed to perform
Rietveld analysis of the high-resolution NPD and XRD data. The parameters
including the background coefficients, zero-shift, peak shape parameters, lattice
parameters, oxygen positional parameter, sodium occupancy, and isotropic atomic
displacement parameters (B) were refined. For the NPD measurement powders were
packed into air-tight 9 mm vanadium can.
A customized CR2032 coin cell for use in SXRD experiments was designed and
made.[25-27] Electrodes were prepared by mixing the as-prepared NFMO powder
with carbon black (Super P, TIMCAL) and polyvinylidene fluoride (in an 80:10:10
weight ratio) in anhydrous N-methyl-2-pyrrolidinone (Sigma-Aldrich, 99.5%) to
form a homogeneous slurry. The slurry was uniformly pasted onto aluminum foil
before being dried in a vacuum oven at 100 °C for 24 h and pressed prior to the
assembly of the coin-cell. The coin cell was assembled using sodium disks (SigmaAldrich) as the counter electrode, porous glass fiber (Millipore) as a separator, and 1
M NaClO4 in propylene carbonate (PC) as an electrolyte with 2 wt.% SEI-stabilizer
fluorinated ethyl carbonate (FEC) electrolyte additive and such FEC was not
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employed in the studies related to various voltage windows (Figure 7.16) to test
solely the cycle performance and phase transitions of NFMO at different voltage
ranges. Holes for permitting synchrotron X-ray beam transmission were punched in
the top and bottom casing and then sealed with polyimide film (Kapton, DuPont) and
wax. The cell was galvanostatically charged and discharged over 1.5 - 4.2 V vs.
Na/Na+ at a constant current of 0.07 mA (equivalent to ~0.05 C) during data
collection. SXRD experiments were conducted on the powder diffraction beamline at
the Australian Synchrotron where data were collected every 3.40 min at 0.68922(1)
Å (determined using NIST SRM 660b) during battery cycle using an MYTHEN
microstrip detector. The lattice response of P2-Na2/3(Fe1/2Mn1/2)O2 during the cycle
was extracted and examined using a single peak-fitting analysis with the Large-Array
Manipulation Program (LAMP) [32] to track the changes in peak position, intensity,
and width of the 002 and 100 cathode reflections during charging and discharging.
Fe and Mn K-edge X-ray absorption near-edge structure (XANES) spectra were
collected using the same cells as per the SXRD experiment on the X-ray absorption
beamline at the Australian Synchrotron. The energy step size through the edge was
0.3 eV. The exposure time per step was fixed to 1s. For the Fe K-edge, FeO and
Fe2O3 powders were used as Fe2+ and Fe3+ references, respectively. Fe K-edge
spectra of [Fe(O)(N4Py)](ClO4)2 was sourced from Rohde et al.[33] For the Mn Kedge, LiMnO2 and MnO2 were used as Mn3+ and Mn4+ references, respectively.
The electrochemical properties of the P2-type Na2/3(Fe1/2Mn1/2)O2 cathode was
evaluated in CR2032 coin cells with a half-cell configuration as assembled in an Arfilled glove box (MBraun, Germany). Galvanostatic charge-discharge behavior was
assessed using an automatic battery analyzer (Land, China).

7.3. Materials Characterization
To understand the structure-function relation of the nano-particulate P2Nax(Fe1/2Mn1/2)O2 (x = 2/3) (NFMO) cathode, XRD, high-resolution NPD, and
XANES were employed to study the crystallographic and electronic structure, and its
evolution. The XRD and NPD patterns are shown in Figure 7.1a, b, respectively. The
refined structures obtained using NPD and XRD data are summarized in Table 7.1
and 7.2, respectively. Both XRD and NPD data show that the NFMO is hexagonal
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and adopts the P63/mmc space group. Interestingly, the two give different lattice
parameters (Δa = 0.0025(2) Å and Δc = -0.012(1) Å, with NPD yielding a larger a
and smaller c parameter) and dissimilar sodium occupancies (Δx = 0.14(2)), with the
larger Na content determined from the NPD data approaching the expected value.
We note that the elemental contrast in the NPD data is more advantageous for
understanding the structure than the XRD data, most notably the contrast available
between the site-sharing Fe and Mn. Perhaps more importantly, the powders were
isolated from the air during the NPD experiment but not the XRD measurement,
where moisture is known to sometimes cause decomposition of NFMO and the
partial removal of Na. The larger c and smaller a lattice parameter are consistent with
a lower sodium content. For these reasons, the NPD result was considered more
reliable, and the refined NMFO structure is illustrated in Figure 7.2.
The atomic displacement parameters or B values for the Na at the 2b site are in
agreement within 1 esd. It is noted that the B for the 2d site are significantly
different, with these being 4.9(4) and 1.0(5) using the NPD and XRD, respectively.
Given that the occupancy of the 2d site is significantly more populated in the
structure obtained from the NPD compared with that from the XRPD (0.46(2) vs.
0.30(1)), it is reasonable to suggest that the increase in B arises from static disorder
as a result of variation of sodium location at the intercalation site. Whilst it is not
possible to demonstrate this without further investigation, the effect of a higher B at
this site in the NPD further confirms the higher sodium content, and if the antiphase
domain (APD) at this site can be artificially reduced, the occupancy would increase
to compensate, and therefore present findings would not be changed. In an oxide
with tightly bound atoms, typical B values are ~ 0.5 Å2, which is in agreement with
our NPD reported value for the Oxygen atom in this compound.
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Figure 7.1. Rietveld refinement profile for the as-prepared NFMO powder using (a)
XRD and (b) NPD data. Vertical bars are reflection markers.
In the P63/mmc hexagonal P2-type structure, Na ions occupy two prismatic sites (2b
and 2d, with 24(1) and 46(2) % occupancies, respectively) that are sandwiched
between layers of hybrid FeO6 and MnO6. An SEM image (Figure 7.3) shows the
particle morphology and size and reveals the material is composed of nanoparticles
without a well-defined morphology that aggregate, with particle size 200 - 700 nm.
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Table 7.1. Crystallographic details of the as-prepared NFMO cathode obtained from
Rietveld analysis using NPD data.
Na0.70(2)(Fe1/2Mn1/2)O2
space group = P63/mmc
a = b = 2.91883(1) Å and c = 11.2830(2) Å
Atom

Site

x

y

z

B (Å2)

Occupancy

Na
Na
Mn
Fe
O

2b
2d
2a
2a
4f

0
1/3
0
0
1/3

0
2/3
0
0
2/3

1/4
3/4
0
0
0.0903(2)

1.5(3)
4.9(4)
0.8(1)*
0.8(1)*
0.54(2)

0.24(1)
0.46(2)
1/2
1/2
1

Rwp = 18.6, χ2= 2.45, Bragg-R factor = 4.18
*The B of Fe and Mn are constrained to be the same, where B = 1/8π2 U.
Table 7.2. Crystallographic details of NFMO obtained from Rietveld analysis using
XRD data.
Na0.70(2)(Fe1/2Mn1/2)O2
space group = P63/mmc
a = b = 2.9163(2) Å and c = 11.295(1) Å
Atom

Site

x

y

z

B (Å2)

Occupancy

Na
Na
Mn
Fe
O

2b
2d
2a
2a
4f

0
1/3
0
0
1/3

0
2/3
0
0
2/3

1/4
3/4
0
0
0.06378(8)

1.0(5)
1.0(5)
1.0(5)*
1.0(5)*
0.1(2)

0.26(1)
0.30(1)
1/2
1/2
1

Rwp = 36.4, χ2= 6.73,Braggg- R factor = 17.5
* The B of Fe and Mn are constrained to be the same, where B = 1/8π2 U.
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Figure 7.2. Refined crystal structure of the as-prepared NFMO powder with the unit
cell shown in gray.

Figure 7.3. SEM micrograph of the as-prepared NFMO powder showing the selfaggregation of nanoparticles.
XANES (see Figure 7.4) estimates the oxidation states of Fe and Mn in the uncycled
cell to be 3.4+ and 4.0+, respectively, using analysis method suggested in Berry et al.
[34] (Figure 7.5). Given that Mn4+ is electrochemically inert and the possibility of
Fe3+ oxidation in SIBs, [20] the XANES results explain why the first charge curve of
the NMFO cathode does not exhibit the 2.2 V plateau and delivers a lower charge
capacity since only the Fe3+/Fe4+ is active and part of the Fe is 4+. Further, these
results confirm that the 4.1/3.4 V plateaus correspond to the Fe4+/Fe3+ redox couple
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and that it is, therefore, the Mn4+/Mn3+ redox centers responsible for the 2.2/2.0 V
plateaus, in agreement with Park et al.[24] It is noted that the refinement-derived
results were for the as-prepared powder and the XANES-determined oxidation states
represent the states of Fe and Mn in the coin-cell before cycling. The present of the
counter electrode and surrounding electrolytes may initiate small desodiation and
achieve equilibrium and open circuit voltage (OCV).

Figure 7.4. Normalized XANES (a) Fe and (b) Mn K-edge spectrum of the P2-type
Nax(Fe1/2Mn1/2)O2 cathode within an uncycled coin-cell. Note that the Fe4+ data is
taken from Rohde et al.[33]
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Figure 7.5. Estimation of Fe and Mn oxidation states in the as-prepared NFMO
electrode. The main peak inflection energies, Fe and Mn K-edge spectra, of the
cathode, are represented by the gray circles.
The structure-function relationship that underpins the electrochemical properties of
the cathode was investigated using in-situ SXRD. Figure 7.6 shows selected regions
of in-situ SXRD data during charge and discharge within 1.5 and 4.2 V vs. Na/Na+,
respectively, at 0.07 mA (equivalent to 0.05 C). The in-situ SXRD data for the other
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regions are shown in Figure 7.7. We note that the synchrotron beam interacts with
the sample in a region 2 × 1 mm in transmission geometry, and that the in-situ data
are therefore representative of the phase evolution during charge (desodiation) and
discharge (sodiation) for that part of the battery.

Figure 7.6. Contour plots of in-situ SXRD data in the (a) 6.5-8.5 and (b) 13.5-16.8º
2θ regions.
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Figure 7.7. Contour plots of in-situ SXRD data from the NFMO coin-cell in the 1720, 25.5-29, and 30-33° 2θ regions.
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The capacity of the custom coin-cell during the in-situ SXRD experiment was lower
than anticipated (Figure 7.8), indicating that within this sampled volume there are
parts of the cathode that are inactive. The synchrotron beam passes through a hole in
the outer battery casing, and it is well-established that this can result in poor contact
between the electrode layers and cause areas of inactivity. [35] Despite the lower
amount of extracted and inserted Na calculated from the SXRD data, the data show
definitively the mechanism of transformations for the NFMO cathode during the
charge-discharge process.

Figure 7.8. The charge - discharge curve of the NFMO coin-cell during the in-situ
SXRD experiment.
Figures 7.9, 7.10, and 7.11 show the results from the single peak-fitting routines
applied to the 002 and 100 NFMO reflections. The evolution of the 002 and 100
reflections indicate changes to the c and a (= b) lattice parameters of the P2hexagonal structure. The 002 reflection (Figure 7.6a and 7.9a) indicates an increase
of the lattice parameter c during initial desodiation up to ~ 4.06 V, while the 100
reflection (Figure 7.6b and 7.9b) indicates a decrease of the a lattice parameter, with
the latter likely a results of shrinkage of the MO6 (M = Fe, Mn) octahedra as a result
of the increase in the average oxidation state of the redox centers. The continuous caxis expansion and a-axis contraction during desodiation up to ~4.06 V (the
Fe3+/Fe4+ redox plateau) suggest that the Mn3+/Mn4+ redox couple proceeds through a
165

Chapter 7 Insight into Phase Evolution and Electrochemistry of Na x(Fe1/2Mn1/2)O2 Based Sodium-ion
Battery Using In-situ Synchrotron Powder Diffraction

solid-solution reaction. On further desodiation above 4.06 V, the intensity of both the
002 and 100 reflections (Figure 7.6 and 7.9) change significantly alongside their shift
in position. Similar changes are also observed for other reflections (Figure 7.7).
Some reflections become nearly invisible before reappearing during the cycle. The
continuous peak shift alongside changing intensity signifies concurrent solid-solution
reaction and atomic rearrangement. I consider and briefly summarizes previous work
investigating the NFMO cathode phase evolution at a high charge (low-sodiumcontent). Lu and Dahn studied a P2-type Nax(Ni1/3Mn2/3)O2 cathode and suggested
that an O2-type phase with stacking faults is formed at x = ~1/3 during desodiation.
[36] Yabucchi et al. report the formation of an OP4-type phase with a P6̅m2 space
group after charging P2-type Nax(Fe1/2Mn1/2)O2 to 4.2 V as a result of gliding of the
MO6 (M = Fe, Mn) slabs. [20] Mortemard de Boisse et al. studied the P2-type
Nax(Fe1/2Mn1/2)O2 cathode with x < 0.35, suggesting a new phase with hybrid FeO6
and MnO6 octahedra-containing layers that exhibits a high degree of disorder. [37]
The order-disorder transition is thought to originate from the instability of the
prismatic sodium sites. The noteworthy point is that part of the cathode is
unresponsive, and this inactive which is irreversible, arising from the order-disorder
transition and suggesting that the upper cut-off voltage may be too high for the P2type Nax(Fe1/2Mn1/2)O2 cathode. Given that the amount of the non-responsive
cathode increases with the cycle, as evidenced by the increasing intensity with time
in Figure 7.6 (and Figure 7.12), the unresponsive cathode may be responsible for the
capacity decay of the cathode.
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Figure 7.9. Results of peak fitting of the NFMO (a) 002 and (b) 100 reflections
illustrating changes in the 2 values (peak shifts). The voltage profile is also
presented and the shaded regions represent two-phase transitions (purple and
orange), the OP4 phase (green) and the P2-orthorhombic phase (blue).
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Figure 7.10. Results from peak fits of the NFMO (a) 002 and (b) 100 reflections
illustrating changes in the reflection intensity. The voltage profile is also presented
and the shaded regions represent two-phase transitions (purple and orange), the OP4
phase (green) and the P2-orthorhombic phase (blue).
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Figure 7.11. Results of peak fits of the NFMO (a) 002 and (b) 100 reflections
illustrating changes in the peak width. The voltage profile is also presented and the
shaded regions represent two-phase transitions (purple and orange), the OP4 phase
(green) and the P2-orthorhombic phase (blue).
These results reveal a dramatic change in the full-width at half-maximum (FWHM)
of the NFMO 002 and 100 reflections (Figure 7.11) during charging at 4.1 V or
above, suggesting increased structural disorder. Despite the disorder, we were able to
index the reflections at the high-charge-state (i.e. 4.2 V and lowest sodium content)
to a hexagonal OP4 phase with a P63 space group, which is disagreement with the
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model suggested by Yabucchi et al. that was informed by ex-situ SXRD and XAS
data.[20] It was found that the hybrid MO6 octahedra-containing layers are
maintained, which is agreement with Mortemard de Boisse et al.,[37] during the P2OP4 transition. Taken together, these results suggest that the P2-OP4 transition
proceeds through a solid-solution-like two-phase reaction. The OP4 phase exhibits a
distribution of Na ions at the 6c site, giving rise to a disorder that is reduced during
further desodiation.

Figure 7.12. The increasing intensity of non-responsive cathode with time.
The OP4 phase forms via gliding of the MO6 (M = Fe, Mn) slabs, minimizing
repulsion between them, where the prismatic sites (6c) in the P63 structure are
depopulated, with this accompanying the Fe3+/Fe4+ transition. The sodium and MO6
layer arrangement within the OP4 structure is thought to occur through a similar
process to that in the alternate ordering of the Li and Na layers of the mixed Li/Na
phase (O3-type LiCoO2 and P2-type Na~0.7CoO2) reported by Berthelot et al.[29] The
004 and 100 (of OP4) reflections shift dramatically to a higher angle, indicating a
large lattice shrinkage, with further sodium removal. This c-axis contraction likely
arises due to the increasing average charge of the O-ions at the high-charge-state,
meaning the layers are less negatively charged and that the repulsion between them is
reduced, along with the inter-layer distance. [38-40] Concurrently, the increasing
oxidation state of the redox centers enhances the M-O bonding and causes further
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contraction of the MO6 octahedra, and consequently, the a-axis. Nevertheless, the
time evolution of the 100 reflection position is nearly linear and its rate of change
during the Mn3+/Mn4+ transition (within the P2-type structure) is smaller than that
during the Fe3+/Fe4+ transition (within the OP4-type structure), further evidencing the
different redox-active centers at the two voltage ranges. As one can expect from the
Shannon radii of Mn (rMn3+ = 0.58 Å and rMn4+ = 0.53 Å) and Fe (rFe3+ = 0.645 Å and
rFe4+ = 0.565 Å), the 2.2/2.0 and 4.1/3.4 V plateaus likely arise from the Mn3+/Mn4+
and Fe3+/Fe4+ couples, respectively.[41] Upon discharge (sodiation), the reverse
reactions (OP4-P2) are observed. When the coin cell is discharged below 2.0 V, the
P2-hexagonal phase undergoes a two-phase reaction, transforming into a P2-type
orthorhombic phase with a Cmcm space group, the same structure reported by
Mortemard de Boisse et al.[37] Based on the in-situ SXRD results, the phase
evolution of the P2-Nax(Fe1/2Mn1/2)O2 cathode during charge and discharge obtained
from this in-situ SXRD study is shown in Figure 7.13.

Figure 7.13. Phase evolution of the NFMO cathode during desodiation and
sodiation.
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In addition to volume change, the phase transition from the P63/mmc to the Cmcm
structure during deep discharge is associated with considerable structural anisotropy.
Notably, it is the non-cooperative Jahn-Teller distortion of Mn3+ during deep
discharge that initiates this.
The phase evolution of the cathode is accompanied by volumetric changes. Given the
three different structures at 4.2, 2.7, and 1.5 V, the volume per cathode formula unit
of the material was compared in Table 7.3, noting the ~ 12% volume change when
the P2-Nax(Fe1/2Mn1/2)O2 cathode (P63/mmc) is charged (desodiated) to form the P63
structure. Despite the only ~ 3% volume difference between the P63/mmc and Cmcm
phases, the transition between these two is structurally significant, with the symmetry
changing from hexagonal to orthorhombic during desodiation.
Table 7.3. Comparison of volume per formula for NFMO cathode at various states.
Phase
Structure type
Volume per
formula (Å3)

P63
Hexagonal

P63/mmc
Hexagonal

Cmcm
Orthorhombic

~ 36.7

~ 41.6

~ 42.9

7.4. Electrochemical Characterization
The electrochemical properties of the NFMO cathode were measured in coin-cells
within the 1.5 - 4.2 V range to avoid unnecessary reactions associated with the
degradation of the carbonate-based electrolytes at high potential. Figure 7.14a shows
the charge-discharge behavior of a typical NMFO-containing coin cell for the initial,
2nd, and 80th cycles at 0.1 C. The 1st charge exhibits a flat plateau at around 4.07 V,
whereas on the first discharge two plateaus are observed at 3.40 and 2.06 V (shown
in the incremental capacity plot in Figure 7.15).
In the 2nd cycle, the charge and discharge curves contain two plateau-like features at
~ 2.15 and ~ 4.05 V, and ~ 3.43 and ~ 2.07 V, respectively. The plateaus at 2.15/2.07
V correspond to Mn3+/Mn4+ redox couple, where the ones at 4.05/3.43 V are the
Fe3+/Fe4+, as reported in Yabucchi et al.[20] It is notable that the ~ 2.2 V plateau
presented in the 2nd cycle is absent in the 1st charge curve. The significant potential
differences, especially at the 4.05/3.43 V plateaus, indicate poor energy and cycling
performance. The NMFO cathode delivers 121.3 and 184.4 mAh g-1 capacity (~ 465
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and ~ 495 mWh g-1) during the 1st charge and discharge, respectively. This equates to
0.467 and 0.709 Na per formula unit being inserted into and extracted from the
structure, forming Na~0.203(Fe1/2Mn1/2)O2 and Na~0.912(Fe1/2Mn1/2)O2 at the charged
and discharged states, respectively. It is this difference that is responsible for the
abnormal energy efficiency (> 100%) of the cathode. The initial discharge capacity is
comparable to that previously reported, [20] and the energy density of ~495 mWh g-1
closely approaches that of the commercial LiFePO4 (~530 mWh g-1) cathode and
exceeds that of the LiMn2O4 (~450 mWh g-1) cathode. In the second cycle, the
cathode delivers the reasonably-high discharge capacity of 178.3 mAh g-1, although
this occurs alongside coulombic and energy efficiencies of only ~89 % and ~78 %,
respectively. Figure 7.14b shows the cyclic stability of NFMO with ~55% of the
initial capacity at the 80th cycle when cycled at 0.1 C. A similar decay phenomenon
was previously observed.[20] The slight raise in the specific capacity value from
third to the fifth cycle is attributed to the improved percolation of the electrolyte into
electrode active material over cycling, however, further capacity decay in the
successive cycles is due to the undesirable phase transitions in NFMO and the
electrode polarization (explained below).
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Figure 7.14. (a) Charge - discharge curves of a typical NFMO-containing coin cell at
the initial and 80th cycle at 0.1 C and (b) the corresponding cycle stability. The
potential range was 1.5 - 4.2 V.

Figure 7.15. Incremental capacity plots for initial cycles of the NFMO cathode in a
typical coin cell.
The self-aggregation of nanoparticles is commonly associated with reduced contact
with the electrolyte. During the sol-gel synthesis nanoparticles without a welldefined morphology have a tendency to self-aggregate. Further, application of a
conductive coating is expected to improve the electrochemical performance of the
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NFMO cathode. [42, 43] Nevertheless, the origin of the large capacity decay (~ 83.8
mAh g-1 in the present work) and relatively low energy efficiency (~ 78 %) of the
NFMO cathode remain poorly understood.
It is likely that the poor cycling performance of the cathode originates from this
complex phase/structure evolution. Notably, Jahn-Teller distortion of the Mn3+ and
3 1
Fe4+ (both 3d4 (𝑡2𝑔
𝑒𝑔 )) destabilize the cathode at various states-of-charge. Moreover,

the relatively-large volume change between the OP4/P2 structures does not favor
structural stability of the cathode. These results suggest that by narrowing the
operating voltage of the battery from 1.5 - 4.2 to 2.0 - 4.0 V the cycle stability of the
cathode may be significantly improved, and this is corroborated by reports of
significantly improved cycle stability in the 1.5 - 4.0 V [21] and 2.0 - 4.2 V windows.
Xu et al. hypothesized that the better cycling performance obtained in the 1.5 - 4.0 V
window may avoid structural distortion present in the 1.5 - 4.3 V window, and Park
et al. considered that stacking-fault effects could be reduced by cycling within the
2.0 - 4.2 V window. The cycling performance of the P2-type Nax(Fe1/2Mn1/2)O2
cathode was measured in the 1.5 - 4.0, 2.0 - 4.0, and 2.0 - 4.2 V windows at 0.1 C,
with the results shown in Figure 7.16. Unquestionably the P2-type Nax(Fe1/2Mn1/2)O2
cathode cycling performance was best within the 2.0 - 4.0 V window, although the
initial discharge capacity was only ~ 90 mAh g-1. Within the 1.5 - 4.0 and 2.0 - 4.2 V
windows, large capacity decays, i.e., 100.6 and 110.4 mAh g-1, are observed after 80
cycles and these are attributed to the formation of the Cmcm and disordered P63
phases, respectively. Our results show that the cycling performance of the cathode
can be enhanced by controlling the phase evolution, as informed by present SXRD
study. It is notably that, with 2.0 - 4.0 V window, the capacity retention rate is ~ 69
%, showing ~ 25 % better cycling performance when compared with the one with 1.5
- 4.0 V window. The capacity between 2 and 4 V is relatively low, making the
material of much less commercial interest. However, this is a cathode material for
use in sodium-ion batteries, and that this is a not-yet commercialized technology,
with cathode materials still at the research stage. Further, the capacity loss in the new
voltage range (37 %) is offset by a relatively-greater gain in the cycle retention (59
%). Most importantly, the present study illustrates a new understanding of the
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detailed

structural

transformation

mechanism

during

charge-discharge,

demonstrating tunable capacity/capacity retention via the voltage window, in stark
contrast to all previously-reported empirical approaches. This is an important result,
where the focus lies in understanding the mechanism used to optimize performance,
with this being able to be combined with the usual approach to use factors such as
cell design and electrode coatings to improve performance. With this achievement, it
demonstrates that the electrochemical properties of the electrode materials can be
improved by knowing the phase and structural evolution using in-situ SXRD.

Figure 7.16. (a) Discharge curves of typical NFMO-containing coin cells at the
initial and 80th cycle at 0.1 C when cycled in the 1.5 - 4.0, 2.0 - 4.0, and 2.0 - 4.2 V
voltage windows, and (b) the corresponding cycle stability.
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7.5. Conclusions
The P2-type Nax(Fe1/2Mn1/2)O2 nano-particulate cathode has been successfully
prepared via a sol-gel method and its electrochemical properties are investigated.
Although the cathode delivers a high initial capacity of ~ 180 mAh g-1 and excellent
energy density of ~ 495 mWh g-1, the energy efficiency and cycle stability are
reasonably poor within the 1.5 - 4.2 V vs. Na/Na+ operating range. To understand the
origin of the capacity fade during cycling, in-situ synchrotron X-ray powder
diffraction was used to determine the phase evolution of the cathode during charge
and discharge within this voltage window. The work showed that the P2 hexagonal
phase undergoes a solid-solution reaction during the Mn3+/Mn4+ redox transition and
a solid-solution-like two-phase reaction at 4.1 V and above, accompanying
desodiation during the Fe3+/Fe4+ transition. Importantly, by avoiding the large
voltage difference between the anodic and cathodic plateaus, we show that with the
alternative operating window, i.e. 2.0 - 4.0 V (vs. Na/Na+), as informed by this
comprehensive understanding of the phase evolution, the cycling performance can be
improved by ~25 %. This work demonstrates the importance of structure-function
relationship of electrode materials and the feasibility of in-situ synchrotron X-ray
powder diffraction for doing it.
Note: A version of this chapter has been published and the citation of the paper is
below.
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CHAPTER 8. SPRAY-DRIED MOLYBDENUM DISULFIDEGRAPHENE HIERARCHICAL MICROSPHERES AS AN
EFFICIENT ANODE MATERIAL FOR LITHIUM-ION AND
SODIUM-ION BATTERIES
8.1. Introduction
In recent years, room temperature sodium-ion batteries (SIBs) have been the object
of significant interest for their potential application in large-scale energy storage
systems. This is mainly caused by concerns about insufficient lithium ores to satisfy
the increasing demands for lithium-ion batteries (LIBs), and also sodium is a
relatively cheaper option compared to lithium, which could be significant in largescale applications such as grid storage. In addition, the electrochemical principles of
SIBs are identical to those of LIBs. [1] However, some anode materials which are
suitable for LIBs may not be well compatible for SIBs. For instance, graphite, which
is a commercial anode material in LIBs, delivers unsatisfactory electrochemical
behaviour in SIBs unless with specialized ether-based electrolyte solvents such as
diethylene glycol dimethyl ether (DEGDME), tetraethylene glycol dimethyl ether
(TEGDME) etc. [2, 3] Thus it could be of research interest to explore the
compatibility of various classes of anode materials for LIBs and SIBs.
Amongst various anode materials, molybdenum disulfide (MoS2) is one of the
earliest compounds studied for rechargeable LIBs due to its layered structure, which
can intercalate Li+ between the MoS2 layers. [4-9] although the capacity of MoS2 has
been greatly improved (theoretical capacity = 670 mAh g-1), large volume changes
occur during charge - discharge cycling, which results in poor cycling stability.
Several methods have been reported to successfully improve the cycling stability,
such as exfoliation and restacking of MoS2 layers, [10] introducing polymers
between the MoS2 layers, [11, 12] and the addition of graphene sheets to form
composites. [13, 14] On the other hand, there have only been a few reports on the
sodium ion storage of MoS2, [15-22] which involves the intercalation of 1 Na+ per
MoS2. Considering the advantages of graphene as a highly conductive and stable
material, Wang et al [18] reported MoS2 - graphene nanocomposite with an improved
electrochemical performance when compared to pristine MoS2, however, there is no
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clear evidence of well-ordered stacking of the MoS2 and graphene nanosheets among
themselves. Three-dimensional (3D) hierarchical micro-spherical architectures with
nanostructures as building blocks are considered to be electrochemically and
structurally stable morphology that could lead to the improved practical application
of such active materials in battery systems. [21] Such microspheres exhibit high
effective contact areas between the active material and the electrolytes, leads to
enhanced electrochemical performance (cyclic stability and rate performance) along
the sides of short ionic diffusion pathways and resist volume changes due to
‘nanosheets’ as sub-units. [23]
The present work reports structurally and electrochemically optimized MoS2graphene composites with a unique micro-spherical morphology synthesized via the
spray-drying technique, which is an industrial-scale synthesis procedure for a largescale production of composite powders with a controllable narrow particle size
distribution and nano/micro-spherical morphology. [24] It is found that the wellordered and highly miscible hierarchical stacking of graphene-like MoS2 and
graphene nanosheets could be an efficient structure to enhance the interfacial effect
between graphene-like MoS2 and graphene, thus taking full advantages of both MoS2
and graphene components and achieving high capacity, excellent cycle life, and high
rate capability as electrode materials for LIBs and SIBs.

8.2. Experimental Methods
Two ratios of MoS2-graphene oxide (MoS2-G1 = 80:20; MoS2-G2 = 60:40) in
suspensions (2 L; 2 mg ml-1) were prepared by stirring for 30 min and sonication for
10 min. The synthesis methods for the MoS2 and graphene oxide suspensions are
reported as below. The synthesis of the MoS2 - graphene composites with two
different graphene ratios is briefly described in Figure 8.1. Solutions containing
exfoliated MoS2 and graphene oxide were mixed in 80:20 (MoS2-G1) and 60:40
(MoS2-G2) ratios to form a homogenous mixture. The graphene oxide sheets and
MoS2 sheets were well dispersed among each other and no aggregation was observed
after leaving the solution undisturbed overnight. The solutions for the samples were
then pumped through a nozzle using a peristaltic pump into a custom-made spraydrying reactor at 350 °C. The resultant black fluffy powders were collected using a
182

Chapter 8 Spray-dried Molybdenum Disulfide-Graphene Hierarchical Microspheres as an Efficient
Anode Material for Lithium-ion and Sodium-ion Batteries

cyclone collector attached to the spray drying reactor. The products were then
annealed at 800 °C in 5% H2/95% Ar gas flow for 2 h to fully reduce the graphene
oxide. MoS2 samples were also prepared using the same method without the addition
of graphene oxide.

Figure 8.1. Schematic illustration of a spray-drying method for synthesizing MoS2graphene composite microspheres.
Preparation of exfoliated MoS2 suspension
2 g MoS2 (Sigma-Aldrich) was soaked in 1.5 mol equivalent of n-butyl lithium (1.6
M in hexane; Sigma-Aldrich) for at least 8 hours in a vial in an argon glove box.
Then, the vial was sealed and removed from the glove box. The mixture was left to
settle in a fume cupboard for 30 min, and the brownish liquid on top was decanted,
leaving a dark precipitate. Then, the precipitate was transferred into large beaker
containing 500 ml deionized water and left under stirring for 30 min to form a
homogeneous black suspension. A vigorous reaction was observed during the
addition due to the reaction of the remaining n-butyl lithium with water and the
exfoliation of the MoS2. Then, the black suspension was centrifuged and washed
with deionized water 3 times to remove the lithium salts. The black precipitate was
then redispersed in 400 ml of deionized water and sonicated for 10 min to form a
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homogeneous suspension. Bulk and un-exfoliated MoS2 was removed by
centrifuging the suspension at 2000 rpm for 10 min. The amount of MoS2 in the
solution (mg ml-1) was estimated by drying 50 ml of the suspension at 60 °C under
vacuum.
Preparation of graphene oxide solution
3 g graphite flakes (Sigma-Aldrich) were added to 360 ml sulfuric acid (SigmaAldrich) and 40 ml phosphoric acid (Sigma-Aldrich). 18 g KMnO4 was slowly added
under stirring to form a viscous dark greenish mixture. The mixture was then kept in
an oil bath at 50 °C for 20 h to form a brownish mixture. Then, the mixture was left
to cool to room temperature. The mixture was then poured into 400 ml ice and 3 ml
of 30% hydrogen peroxide (Sigma-Aldrich). The mixture was then washed with 2%
HCl for 3 times, ethanol for 3 times, and deionized water for 5 times. The brown
graphite oxide precipitate was re-dispersed in 1 l deionized water stirred for 30 min
and sonicated for 10 min. The amount of graphene oxide in the solution (mg ml -1)
was estimated by drying 50 ml of the suspension at 60 °C under vacuum.
For

electrochemical

analysis,

the

samples

were

mixed

with

sodium

carboxymethylcellulose (Sigma-Aldrich), polyacrylic acid (Sigma-Aldrich), and
carbon black (Timcal) in a ratio of 80:5:5:10. De-ionized water was added to form
homogeneous slurry, which was then pasted on copper foil using a doctor blade. The
electrodes were dried under vacuum at 150°C for 3 h and then punched into 0.7 cm 2
round disks for electrochemical tests. The loading amount of active materials was
1.00 ± 0.05 mg cm-2 and maintained the same for all electrodes used for various
electrochemical properties, and the results were accurate and reproducible. 2032 type
coin cells were assembled in an argon-filled glove box with lithium metal as the
counter electrode, microporous polyethylene as the separator, and 1.0 M LiPF6 in
ethylene carbonate/dimethyl carbonate/diethyl carbonate + 5 wt% fluoroethylene
carbonate (EC/DMC/DEC; 3/4/3; Novolyte) as the electrolyte. For sodium cells,
sodium foil was used as the counter electrode, glassy fibers as the separator, and 1 M
NaClO4 in propylene carbonate (PC) + 5 wt% fluoroethylene carbonate (FEC) as the
electrolyte. FEC is a structural stabilizing electrolyte additive for the solid electrolyte
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interphase (SEI) film and thereby enhance the ionic intercalation/de-intercalation
mechanism. [25, 26]

8.3. Materials Characterization
After preparation of the composite material with various individual proportions of
MoS2 and graphene oxide, two proportions of MoS2: graphene oxide i.e., 80:20 and
60:40 were optimized based on their structural and electrochemical performance. The
samples were then characterized using X-ray diffraction (XRD) to determine the
phase of the material as shown in Figure 8.2a. All of the three samples, MoS 2, MoS2G1, and MoS2-G2, show peaks which can be indexed to hexagonal MoS2 (ICDD#
37-1492) and no impurity peaks can be observed. In order to determine the amount
of graphene present in the samples after annealing, thermo-gravimetric analysis
(TGA) was performed on the samples. The samples were loaded into alumina
crucibles and heated in flowing air at the rate of 5 °C min-1 up to 700 °C. Based on
the assumption that all the MoS2 is converted into MoO3 at 700 °C, the carbon
content estimated for MoS2-G1 and MoS2-G2 is 13 wt.% and 26 wt.%, respectively,
as shown in Figure 8.2b. The composites were also characterized using X-ray
photoelectron spectroscopy (XPS) to determine the elemental compositions. Figure
8.2c shows the survey scans of the three samples, and the inset tables indicate the
atomic percentages of the elements present in the sample. It should be noted that the
samples were subjected to surface etching using ion beams before the XPS
characterization. No significant impurity elements were detected from the scans of
any of the three samples. The carbon detected on the bare MoS2 sample can be
attributed to adsorbed CO2 on the surface of the samples. The ratio of C to O is
roughly 1:2. The atomic percentages (%) of C in MoS2-G1 and MoS2-G2 agree well
with the results from TGA, where the latter has a higher amount of graphene sheets
present. For all three samples, the ratio of Mo to S is roughly 1:2, which suggest
there is minimal or no oxidation of MoS2. This is further confirmed by Raman
spectroscopy, as shown in Figure 8.2d. All the peaks observed in the Raman spectra
below 1000 cm-1 can be attributed to hexagonal phase MoS2, which is in good
agreement with the literature elsewhere. [27] On the other hand, the D and G bands
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of carbon at 1331 cm-1 and 1597 cm-1, respectively, can be observed in the spectra of
MoS2-G1 and MoS2-G2.

Figure 8.2. (a) XRD patterns, (b) TGA curves, (c) XPS survey scans, with the insets
showing the atomic percentages of the elements in the samples, and (d) Raman
spectra for the MoS2, MoS2-G1, and MoS2-G2 samples.
The morphology of the MoS2, MoS2-G1, and MoS2-G2 samples was investigated
using field emission scanning electron microscopy (FESEM), and the images are
shown in Figure 8.3. All three samples have identical morphology. At low
magnification, spheroidal particles with diameters ranging from 1-3 micrometers can
be observed. Upon closer inspection at higher magnification, the spheres are found to
be made of crumpled sheets, and the kinks can be clearly observed. The same is
represented in schematic representation as shown in Figure 8.4. The samples were
further investigated using transmission electron microscopy (TEM), and the images
for MoS2-G2 are shown in Figure 8.5. TEM analysis shows similar sphere-like
morphology. Selected area electron diffraction (SAED) analysis of the sample was
performed on a small area of the sphere and a large area covering the whole sphere.
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The SAED patterns shown in Figure 8.5b, c correspond to the areas marked 1 and 2,
respectively in Figure 8.5a. The SAED pattern of the area marked 1 (Figure 8.5b)
shows diffuse bright dots due to the single crystalline nature of the MoS2 nanosheets.
In addition, the spherical morphology of the sample enables the sheets to naturally
stack on top of each other rather than in a random stacking. When the SAED pattern
was collected from a larger area covering the sides of the sphere, rings were observed
instead of the bright dots. Both of the SAED patterns can be indexed to the
hexagonal MoS2 phase consistent with the XRD results. High-resolution TEM
(HRTEM) was also used to study the distribution of the MoS2 and graphene
nanosheets. Figure 8.5e corresponds to the area marked by a red circle in Figure
8.5d. From the image, it can be observed that the graphene nanosheets and MoS2
nanosheets are stacked on top of each other, forming a sandwich-like structure. Such
a unique spherical microstructure with inter-stacked graphene and MoS2 nanosheets
is due to a combination of several factors. The miscibility and stability of the
graphene oxide and the MoS2 nanosheets in aqueous solution are very important to
provide the sandwich-like stacking while the spray-drying process is crucial in
providing the spherical morphology of the end product. The thickness of the stacks
of graphene and MoS2 nanosheets was determined to be from 3-15 layers by studying
10 random areas using HRTEM. Figure 8.5f is an enlarged image of Figure 8.5e,
showing the d-spacing of the MoS2 and graphene nanosheets, which were measured
to be 0.63 nm and 0.34 nm, respectively. TEM analysis of MoS2 and MoS2-G1 was
also carried out, yielding similar results. The images and diffraction patterns are
presented in Figures 8.6 and 8.7. To further confirm the well-ordered distribution of
graphene (carbon), EDX elemental mapping was performed for MoS2, MoS2-G1, and
MoS2-G2 samples and represented in Figures 8.8-8.10, respectively and
corresponding elemental compositions were tabulated in Tables 8.1-8.3.
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Figure 8.3. (a-c) SEM images of the MoS2, MoS2-G1, and MoS2-G2 samples,
respectively, and (d-f) corresponding magnified SEM images.

Figure 8.4. Schematic illustration of MoS2-Graphene composite microsphere with
the hierarchical assembly of MoS2 and graphene nanosheets.
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Figure 8.5. (a) TEM image of MoS2-G2 microspheres, (b, c) selected area diffraction
(SAED) patterns of corresponding regions marked 1 and 2, respectively, with the
patterns indexed to the hexagonal phase, (d) TEM image of MoS2-G2 sample, (e)
HRTEM image of marked region in (d), and (f) magnified image of region from (e),
revealing the lattice d-spacing values of MoS2 (0.63 nm) and graphene (0.34 nm).
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Figure 8.6. (a) TEM image of MoS2 microspheres, (b,c) SAED patterns of
corresponding regions marked 1 and 2, respectively, with the patterns indexed to the
hexagonal phase, (d) TEM image of MoS2 sample, (e) HRTEM image of marked
region in (d), and (f) magnified image of region from (e), revealing the lattice dspacing value of MoS2 (0.63 nm).
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Figure 8.7. (a) TEM image of MoS2-G1 microspheres, (b,c) SAED patterns of
corresponding regions marked 1 and 2, respectively, with the patterns indexed to
hexagonal phase; (d) TEM image of MoS2-G1 sample, (e) HRTEM image of marked
region in (d), and (f) magnified image of region from (e), revealing the lattice dspacing values of MoS2 (0.63 nm) and graphene (0.34 nm).
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Figure 8.8. (a) SEM image of MoS2 single microsphere, (b, c) EDX elemental
mapping corresponding to Mo and S of marked region in (a).
Table 8.1. EDX elemental composition of MoS2 single microsphere (Cu is from a
substrate used for EDX analysis).
MoS2
Elements

Series

Atomic weight (%)

Cu

K-series

71.52

Mo

L-series

8.04

S

K-series

20.44
Total:
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Figure 8.9. (a) SEM image of the MoS2-G1 single microsphere, (b-d) EDX
elemental mapping corresponding to Mo, S and C of marked region in (a).
Table 8.2. EDX elemental composition of the MoS2-G1 single microsphere (Cu is
from a substrate used for EDX analysis).
MoS2-G1
Elements

Series

Atomic weight (%)

Cu

K-series

50.42

Mo

L-series

4.91

S

K-series

10.94

C

K-series

33.73
Total:
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Figure 8.10. (a) SEM image of the MoS2-G2 single microsphere, (b-d) EDX
elemental mapping corresponding to Mo, S and C of marked region in (a).
Table 8.3. EDX elemental composition of the MoS2-G2 single microsphere (Cu is
from a substrate used for EDX analysis).
MoS2-G2
Elements

Series

Atomic weight (%)

Cu

K-series

41.27

Mo

L-series

3.78

S

K-series

8.61

C

K-series

46.34
Total:
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Computational studies were performed to further understand the interfacial behavior
of MoS2 and graphene. A (5 × 5) single graphene layer containing 50 carbon atoms
was used to match a (4 × 4) MoS2 monolayer containing 16 Mo and 32 S atoms. The
lattice mismatch between the graphene and the MoS2 monolayer is only 1.3 %.
Plane-wave basis VASP code was used to perform all the calculations, [28, 29]
implementing the Perdew-Burke-Ernzerhof (PBE) exchange-correlation functional.
[30] A damped van der Waals correction is also incorporated, based on Grimme’s
scheme, [31] to better describe the non-bonding interaction between the graphene
and the MoS2 monolayer. In an all-electron description, the projector augmented
wave method is used to describe the electron-ion interaction. [32, 33] The cut-off
energy for plane waves was chosen to be 500 eV and the vacuum space is at least 18
Å, which is large enough to avoid the interaction between periodical images. A
Monkhorst pack mesh of k-points (3 × 3 × 1) and (5 × 5 × 1) is used respectively to
sample the two-dimensional Brillouin zone for geometry optimization and for
calculating the charge density. The convergence of the tolerance force on each atom
during structure relaxation was set to 0.005 eV/Å. Figure 8.11a presents a top view
of the fully relaxed graphene-MoS2 geometry. The equilibrium distance between the
graphene layer and the top of the MoS2 monolayer is calculated to be 3.34 Ǻ. The
interface adhesion energy, Ead, was obtained according to the following equation,

Ead  Ecomb  Egraphene  EMoS2

(8.1)

Where Ecomb, Egraphene, and EMoS2 represent the total energy of the relaxed hybrid
graphene-MoS2 complex, the pure graphene sheet, and the MoS2 monolayer,
respectively. The interface binding energy is as high as -2.02 eV for the whole model
interface, which indicates very high stability. To characterize the electron coupling at
the graphene-MoS2 interface, three-dimensional (3D) charge density difference plots
were calculated by subtracting the electronic charge of the hybrid graphene-MoS2
nanocomposite from those of the separate graphene layer and the MoS 2 monolayer,
as shown in Figure 8.11b. Clearly, there is significant charge transfer from the
graphene layer to the top of MoS2 surface in the ground electronic state.
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Figure 8.11. (a) Top view of the optimized graphene-MoS2 interface, and (b) a side
view of the three-dimensional charge density difference plot for the interface
between a graphene sheet and a MoS2 monolayer. Red, yellow, and green balls
represent Mo, S, and C atoms, respectively. Purple and orange isosurfaces represent
charge accumulation and depletion in the 3D space with an isovalue of 0.001 e/Ǻ3.

8.4. Electrochemical Characterization
The samples were studied for their lithium storage properties and the results are
plotted in Figures 8.12 and 8.13. All three samples were first cycled at the low
current density of 0.1 A g-1 over 50 cycles. In the first discharge, MoS2-G2 shows the
highest capacity at 1300 mAh g-1, while MoS2-G1 and MoS2 show 800 mAh g-1 and
630 mAh g-1, respectively. Large irreversible capacity is observed for all three
samples, as the first charge capacities are 945, 660, and 480 mAh g-1 for MoS2-G2,
MoS2-G1, and MoS2, respectively as shown in Figure 8.14a. This irreversible
capacity can be ascribed to the formation of a solid electrolyte interphase (SEI) layer,
which is widely known to occur below 1 V. All three samples showed stable cycling
behavior for 50 cycles. The capacities are 800, 630, and 470 mAh g-1 for MoS2-G2,
MoS2-G1, and MoS2, respectively, at the end of cycling. The samples were further
tested for their rate performances up to the current density of 5 A g-1. The MoS2-G2
sample showed the best rate performance, retaining 590 mAh g-1 at 5 A g-1. The
MoS2-G1 and MoS2 managed to retain 435 and 387 mAh g-1, respectively, at 5 A g-1.
When the rate was recovered to 0.5 A g-1, all the samples showed capacity recovery,
where MoS2-G2, MoS2-G1, and MoS2, recovered 820, 680, and 560 mAh g-1,
respectively. It should be noted that the rate performances improved with increasing
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graphene content in the samples. This can be justified by the increased conductivity
provided by the graphene nanosheets in the samples. In order to investigate the longterm cycling stability, the samples were tested at 50 mA g-1 for the initial 5 cycles,
then at 1 A g-1 up to 250 cycles. The MoS2 samples recorded a stable capacity of 500
mAh g-1 up to the 75th cycle, and then the capacity gradually faded over 50 cycles.
The capacity after the 125th cycle is negligible. This could be attributed to huge
volume expansions of pristine MoS2 during the charge-discharge process and
gradually results in pulverization of electrodes over cycle life. The spherical shape of
the MoS2 sample yielded improved cycling stability and rate performances when
compared to the bulk MoS2, which has been reported previously.[15] Both the MoS2G2 and MoS2-G1 samples exhibit stable cycling over 250 cycles, retaining 780 and
700 mAh g-1, respectively. From the cycling tests in lithium half-cells, it can be noted
that graphene nanosheets in the samples are crucial for improving both the capacity
and the cycling performance.

Figure 8.12. (a) Cycling performances in lithium half-cells of all the samples for 50
cycles at 100 mA g-1; (b) rate capability of all the samples from 0.05 to 5 A g-1; and
(c) cycling performances of all samples for 250 cycles at 1 A g-1. The voltage range
is 0.01 - 3 V.
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Figure 8.13. Charge-discharge behavior at 1st and 50th cycles of (a) MoS2, (b) MoS2G1, and (c) MoS2-G2 samples at current density of 0.1 A/g and voltage range 0.01 3 V vs. Li/Li+; (d) charge-discharge behavior of MoS2-G2 sample at different
current densities from 0.05 A/g to 5 A/g.
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Figure 8.14. Coulombic efficiency of MoS2, MoS2-G1, and MoS2-G2 samples in (a)
LIB and (b) SIB, respectively.
Furthermore, the samples were studied for their sodium storage properties in roomtemperature sodium half-cells using similar testing conditions to those for lithium
cells (see Figures 8.15 and 8.16). In the first discharge process (Figure 8.16), three
voltage plateaus are observed at around ~0.95 V, ~0.65 V and ~0.25 V, which are
corresponding to the formation of intermediate NaxMoS2, remaining Na1-x ions
reacting with MoS2 and reduction of Mo4+ to metallic Mo along with formation of
Na2S particulates, respectively. These observations are in consistent with the reports
elsewhere. [16-18] However, successive discharge profiles show sloping curves
instead of plateaus, which represents the phenomenon of conversion reaction. The
same reaction mechanism is expected to happen with Li as standard electrode
potential difference (~-0.3V) from the plateau voltages of initial charge curves
(compare Figures 8.13 and 8.16). [16] Figure 8.15 represents cyclic profile, at 0.1 A
g-1, all three samples show stable cycling behaviour over 50 cycles. The initial
discharge and charge capacities are 640 and 400, 620 and 420, and 430 and 280 mAh
g-1, for MoS2-G2, MoS2-G1, and MoS2, respectively. The irreversible capacities of
about 35% (see Figure 8.14b) can be due to the formation of SEI layers. After 50
cycles, both MoS2-G2 and MoS2-G1 recorded 340 mAh g-1, while the MoS2 sample
recorded 240 mAh g-1. The sodium storage capacities of all samples are significantly
lower compared to their lithium storage because only 1 Na+ is reacted per MoS2,
based on the capacity of MoS2-G2. This could be due to the sluggish kinetics of the
Na+ reaction with MoS2. Moreover, in contrast to the lithium cells, the increased
amount of graphene sheets in MoS2-G2 did not yield any increment in capacity when
compared to MoS2-G1. Then, the samples were also tested for their rate
performances, from 0.05 A g-1 to 5 A g-1. Both MoS2-G2 and MoS2-G1 showed
similar performances, retaining about 230 mAh g-1 at 5 A g-1 while the MoS2 sample
retained 74 mAh g-1. Although the capacity for both MoS2-G2 and MoS2-G1 at 5 A
g-1 is only 230 mAh g-1, this result is significantly better compared to other Na-ion
battery anode materials. [18, 19] The long-term cycling stability of the three samples
was also tested, where the samples were cycled at 50 mA g-1 for the initial 5 cycles
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and then at 1 A g-1 for up to 500 cycles. The MoS2 sample showed a slightly
consistent capacity up to the 125th cycle, recording 240 mAh g-1, and then the
capacity gradually decreased to 128 mAh g-1 at the 200th cycle. The capacity further
decreased to 70 mAh g-1 at the 500th cycle. The MoS2-G1 sample showed the
capacity of 375 mAh g-1 at the 120th cycle, and then a gradual decrease in capacity
was observed up to the 500th cycle, where 251 mAh g-1 was retained. The MoS2-G2
sample showed slightly better performance compared to MoS2-G1, recording the
capacity of 420 mAh g-1 at the 130th cycle and then gradually decreased to 300 mAh
g-1 at the 500th cycle. The cycling stability is impressive considering that the capacity
retention after 500 cycles is 93% of the capacity at the 6th cycle (320 mAh g-1).

Figure 8.15. (a) Cycling performances in sodium half-cells of all the samples for 50
cycles at 100 mA g-1; (b) rate capability of all the samples from 0.05 to 5 A g-1; and
(c) cycling performances of all samples for 500 cycles at 1 A g-1. The voltage range
is 0.01 - 3 V.
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Figure 8.16. Charge-discharge behavior at 1st and 50th cycles of (a) MoS2, (b) MoS2G1, and (c) MoS2-G2 samples at current density of 0.1 A/g and voltage range 0.01 3 V vs. Na/Na+; (d) charge-discharge behavior of MoS2-G2 sample at different
current densities from 0.05 A/g to 5 A/g.
The excellent electrochemical properties in both LIBs and SIBs could be attributed to
various reasons such as: (i) the well-ordered stacking and excellent miscibility of the
MoS2 layers and graphene sheets, which leads to improved conductivity, and
thereby, improved cycling performance and rate capability; (ii) suppression of
volume changes by the structurally stable nanosheets in microspheres during cycling;
and (iii) good penetration of electrolyte into and among the MoS2 and graphene
nanosheets. In addition, these microspheres with hierarchical nanostructures benefit
from micro-materials (high tap density) and nanomaterials (short Li/Na diffusion
pathways), leading to densely packed electrodes and improved battery life in
practical applications. [34-38] Such hierarchical microstructures can lead to a new
class of electrode materials that could be potential candidates for LIBs or SIBs with
enhanced cycle life.
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8.5. Conclusions
In summary, a molybdenum disulfide (MoS2) - graphene composite with unique
hierarchical microsphere morphology was prepared by the spray-drying technique.
The composite microspheres consist of well-ordered stacks with MoS2 and graphene
nanosheets with a high interfacial binding energy (-2.02 eV). Under testing for their
lithium and sodium storage properties, MoS2-graphene (26 wt.%) microspheres
presented excellent cycling stability and rate capability, with initial discharge
capacities of 1300 mAh g-1 and 640 mAh g-1 at 0.1 A g-1 in LIBs and SIBs,
respectively. Notably, in SIBs at 1 A g-1, MoS2-G2 showed 93% capacity retention
after 500 cycles. These enhanced electrochemical features are attributable to the
unique hierarchical composite microspheres with a uniform distribution of graphene
nanosheets among MoS2 layers.
Note: A version of this chapter has been published and the citation of the paper is
below.
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CHAPTER 9. THESIS CONCLUSIONS AND FUTURE
PROSPECTS
9.1. Thesis Conclusions
This doctoral work investigates various nano /micro-structured electrode materials
for LIBs and SIBs with a special emphasis on low- cost, facile synthesis, and better
electrochemical performance of these materials, including Li-rich and Co-free
Li1+xMO2 (M = Li, Mn, Ni, and Fe), P2-type Nax(Fe1/2Mn1/2)O2, and molybdenum
disulfide (MoS2) - graphene composite. All these materials have a layered structure
with nano /micro-particle and nanofiber morphology and are prepared using the
simple and low-cost sol-gel based electrospinning and spray-drying methods. The
goal of this thesis was to develop low-cost and better-performing electrode materials,
as well as attaining an in-depth understanding of their structural evolution during
battery operation using advanced crystallographic techniques such as in-situ neutron
powder diffraction and synchrotron radiation. The as-prepared nano/micro structured
electrode materials showed enhanced electrochemical performance because of their
high surface area, reduced electronic and lithium diffusion pathways, and improved
electronic and ionic conductivity. A summary of the research outcomes from the
evaluation of as-prepared materials is outlined in the following section.
Low-cost,

eco-friendly,

and

morphologically

stable

Li1+x(Mn1/3Ni1/3Fe1/3)O2

nanofibers were prepared by the electrospinning technique and were used as a
cathode material in both LIBs and SIBs. In both systems, these fibers showed
improved initial capacity values (~109 mAh g-1 vs. Li; ~87 mAh g-1 vs. Na) and good
cycling stability when compared to the performance of nanoparticles, although at the
expense of decreased capacity values in the SIB system. The significant
improvement in electrochemical performance could be attributed to the high surface
area, well-guided charge transfer kinetics with short ionic diffusion pathways, and
large effective contact area with the electrolyte during the cycling process. Such onedimensional (1D) nanostructured cathode materials could be excellent alternatives to
traditional ones in LIBs and SIBs.
To investigate the structure-electrochemistry relationship of the electrode material,
nano-sized Li-rich, Co-free Li1+xMO2 (M = Li, Ni, Mn, Fe) for application as a
lithium-ion battery cathode was prepared using a simple and direct wet-chemical
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method. The as-prepared powder was characterized and found to contain
predominantly (Li0.80(4)Ni0.20(4))3b(Li0.20(4)Ni0.13(4)Mn0.33Fe0.33)3aO2, a phase with a
layered R3̅m structure and a high level of cation mixing, alongside a more minor (~
25%) inert Li2MO3 secondary phase. The performance characteristics of the Co-free
cathode approached those of its commercial and Co-containing counterparts, before
optimization.

The

structural

evolution

of

the

active

(Li0.80(4)Ni0.20(4))(Li0.20(4)Ni0.13(4)Mn0.33Fe0.33)O2 phase was studied using in-situ
neutron powder diffraction, and a lattice response was found that was dissimilar to
those in isostructural cathodes, which is attributable to the different level of cation
mixing. It was also shown that the capacity of this novel material comes from the
Ni2+/Ni3+/Ni4+ redox centers. Notably, the in-situ neutron powder diffraction results
suggest excellent structural stability of the active component, which exhibits a
change of only ~0.8% (for ~139 mAh g-1) in the stacking axis of its layered structure,
compared with the ~4% change in LiCoO2 (for ~140 mAh g-1), a characteristic that
may be exploited to enhance capacity retention of this and similar materials.
On the other hand, a potential cathode material for SIBs has been investigated.
Structurally stable P2-type Na2/3(Fe1/2Mn1/2)O2 hierarchical nanofibers were
fabricated by a sol-gel based electrospinning method. The hierarchical arrangement
was formed during the calcination (during synthesis) from ordered stacking of
nanocrystallites along the direction of the fiber growth. These hierarchical nanofibers
showed enhanced electrochemical performance in SIBs, with an initial discharge
capacity of ~195 mAh g-1 and improved cyclability with capacity retention of 86.4%
over 80 cycles at 0.1 C. These hierarchical structures are unique in terms of being
well-interconnected for charge conductivity and well-guided diffusion pathways.
Such hierarchical nanofibers could be one of the potential cathode candidates for
SIBs.
An in-depth understanding of the structural evolution of this electrode material was
achieved using in-situ synchrotron X-ray powder diffraction. The P2-type Mn-doped
NaxFeO2 nano-particulate cathode was successfully prepared via a sol-gel method,
and its electrochemical properties were investigated. Although the cathode delivered
a high initial capacity of ~180 mAh g-1 and excellent energy density of ~495 mWh g1

, the energy efficiency and cycling stability were quite poor within the operating
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range of 1.5 - 4.2 V vs. Na/Na+. To understand the origin of the capacity fade during
cycling, in-situ synchrotron X-ray powder diffraction was used to determine the
phase evolution of the cathode during charge and discharge within this voltage
window. The work showed that the P2 hexagonal phase undergoes a solid-solution
reaction during the Mn3+/Mn4+ redox transition and a solid-solution-like two-phase
reaction at 4.1 V and above, accompanying desodiation during the Fe3+/Fe4+
transition. Importantly, by avoiding the large voltage difference between the anodic
and cathodic plateaus, it was shown that with an alternative operating window, i.e.
2.0 - 4.0 V (vs. Na/Na+), as informed by the comprehensive understanding of the
phase evolution, the cycling performance could be improved by ~25%. This work
demonstrates the importance of the structure-function relationship of electrode
materials and the feasibility of in-situ synchrotron X-ray powder diffraction for
characterizing it.
In this doctoral work, not only cathode materials but also efficient anode material has
been investigated for LIBs and SIBs. A MoS2-graphene composite with a unique
hierarchical microsphere morphology was prepared by the spray-drying technique.
The composite hierarchical microspheres consist of well-ordered stacks of MoS2 and
graphene nanosheets with a high interfacial binding energy (-2.02 eV). Under testing
for their lithium and sodium storage properties, the MoS2-graphene (26 wt.%)
microspheres presented excellent cycling stability and rate capability, with initial
discharge capacities of 1300 mAh g-1 and 640 mAh g-1 at 0.1 A g-1 in LIBs and SIBs,
respectively. Most importantly, in SIBs at 1 A g-1, MoS2-G2 showed 93% capacity
retention after 500 cycles. These enhanced electrochemical features are attributable
to the unique hierarchical composite microspheres with a uniform distribution of
graphene nanosheets among the MoS2 layers.
Having seen the compelling features of Li-based and Na-based battery materials, the
ultimate aim of my doctoral thesis has been to emphasize the need for balancing
energy demands through not only LIB technology but also SIB. For instance, one
could consider assigning applications such as portable devices and electric vehicles
to LIBs, and small-scale e-vehicles (e-bikes) and energy storage for electrical grids to
SIBs (See Figure 9.1). Let us put Nature’s resources efficiently to use and build a
battery revolution in the energy sector and automobile industry.
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Figure 9.1. Illustration of balancing future energy demands among LIB and SIB
technologies. Sourced from Faradion [1] and Aquion Energy [2].

9.2. Future Prospects
For many years, extensive research has been going on in the field of layered, spinel,
and olivine structured lithium/sodium metal oxides and phosphates as potential
electrode materials in LIBs/SIBs. Nevertheless, their application is quite challenging
in terms of the need for improving electrochemical performance, safety concerns,
and the longevity of battery systems for various applications. Bulk layered, spinel,
and olivine structured lithium/sodium metal oxides and phosphates suffer from their
own limitations. For example, the limited application of layered LiCoO2 is due to its
low specific capacity, structural instability, and expensive cobalt; olivine LiFePO4
and spinel LiMn2O4 suffer from poor conductivity and poor cycling stability,
respectively. Substituted lithium/sodium metal oxides can resolve some of the
limitations, such as thermal instability and capacity fading by preventing cation
mixing and complete structural variation during the cycling process. Nevertheless,
low rate capability and low electrical conductivity are still major problems in
substituted lithium/sodium metal oxide and phosphate bulk materials. It is anticipated
that nanoscale forms of such materials can enhance their physio-chemical and
electrical properties and result in better rate capability and improved lithium/sodium
intercalation and de-intercalation mechanisms. Even though nanostructured materials
show various advantages, they still suffer from considerable capacity fading and
structural degradation during cycle life. Resolving such physical and electrochemical
issues is a major challenge in the development of such nanostructured
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lithium/sodium metal oxides and phosphate materials to the commercial scale with
superior lifetime and safety performance. Developing 1D nanostructure of such
materials with proper surface coatings and engineering can significantly meet some
of these challenges due to their high surface area, improved structural stability, and
short diffusion pathways. Nevertheless, suppression of the volumetric density of
nanofibers is a drawback for their use as electrode materials for LIBs or SIBs. This is
also a general problem for nanomaterials, and it is proposed that microspheres, which
could be densely packed and composed of nanostructures, can keep the advantages of
both micro-sized materials (high tap density) and nanomaterials (high surface area
and short lithium diffusion paths). [3, 4] Improvement of volumetric density in
nanomaterials is quite challenging and could be a special topic in future research.
For industry- level development of LIB or SIB technology based on these materials,
it is highly desirable to have eco-friendly, versatile, and low-cost synthesis
techniques for such 1D nanostructure. Amongst such synthesis methods, after
intensive research, electrospinning is now an advanced commercialized technology
that can produce high-throughput 1D continuous nanofibers with controlled
morphology by varying the electrospinning parameters. Nanofibrous mats suffer
from low nanofiber packing density (fibers per area/weight), however, which can be
addressed by the fabrication of continuously aligned fibers by using a large-area
rotating drum and parallel electrode collector system in the electrospinning set-up.[5,
6] Such collector systems have been showing poor performance in terms of nanofiber
packing density, however. Hence, a blade-cage collector system was proposed and
could facilitate industrial production of nanofibers. [7] In addition, employing
needleless nano-spider free-surface electrospinning technology can result in mass
production and high packing density. [8, 9] Designing three-dimensional (3D)
structures of aligned nanofibers must be developed with improved nanofiber packing
density, thereby resulting in good penetration of electrolyte and lithium/sodium ion
diffusion during the cycling process. Such nanofibrous mats are potential candidates
as electrodes in LIBs/SIBs because of their high surface area and porosity, low pore
size and short well-guided diffusion pathways for Li/Na ions. Few reports are
available on some of lithium/sodium metal oxides and phosphates, however. Future
research can be focussed on not only developing composite nanofibers based on
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conductive materials and lithium/sodium metal oxides, but also on designing
electrode architectures with binder-free 1D structures of conductive carbon materials
embedded with active material nanoparticles, to pave the way for a new category of
nano-electrodes for high-performance LIBs. Processing of these composite
nanofibrous electrodes, however, involves optimization of the chemistry between the
carbon material and the lithium/sodium metal oxide, and parameters that are
compatible with the electrospinning technique, so that choosing suitable precursors is
extremely important and a basic requirement for the electrospinning technique.
Fabrication of eco-friendly nanofibers based on water solvents and water-soluble
salts can further improve the safety features of batteries in high energy applications.
With thorough research that takes the above challenges and features into account,
electrospun fibers based LIB and SIB systems can pave the way for advanced
development in the fields of portable, flexible electronics and high-technology
vehicle applications.
On the other hand, it is very important to understand the basic science involved in the
structural evolution of electrode materials in a completely functioning battery. The
in-situ neutron and synchrotron diffraction techniques are powerful tools for
investigating the structural variations of the electrode material during charging and
discharging of batteries, and are crucial in the future development of battery systems.
Hence, researchers could also focus on these in-situ experiments to understand the
strategies for building better battery materials.
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